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Abstract
This paper serves as the Final Design Report (FDR) for the senior project developed by
our team. This FDR builds on our CDR, in which the main deliverable was the detailed
design of a planetary gearbox delivering a 5:1 reduction to be mated to an Emrax 188
motor. This planetary gearbox would allow for the possibility of implementing a
dual-motor torque-vectoring rear-wheel-drive system in Cal Poly Racing’s electric FSAE
car, which has demonstrated in simulation to yield significant performance gain over the
current single motor/mechanical LSD system. As this project’s scope is purely
mechanical, the intent is for the Cal Poly Formula team to use this project as a
foundation to continue developing a complete system with proof of gearbox functionality.
Our FDR focuses on the steps we took to select the gear ratio and gearbox
configuration, the detailed design of the gearbox itself, and the manufacturing/assembly
procedures used to complete the project. Due to the outbreak of COVID-19 and long
manufacturing lead times, it eventually became evident we would not be able to gather
the required data to validate the design in time for FDR submission. Although
consideration had been taken for an in-car system during the PDR and CDR stages,
this prompted the move to designing a gearbox case with mounting points for use in a
bench testing scenario, rather than a full in-car mounting structure design. This way, the
team can proceed with our proposed design validation plan before deciding whether to
continue with full in-car system development.
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Introduction
Cal Poly Racing, Formula SAE, is a college level formula racing team based out of
California Polytechnic State University, San Luis Obispo. Cal Poly Racing currently
builds two cars on a shared platform, an internal combustion powered vehicle and an
electric vehicle. This project will focus on the redesign of the electric vehicle powertrain,
which currently consists of a single motor system. In order to increase the performance
of their electric car (E-car), our team has been tasked with implementing a dual-motor
drivetrain system.
This may require significant changes to several aspects of the vehicle, including battery
pack design, motor selection, motor controller selection, drive reduction system, and
powertrain structures. Our team will be focussing on the motor selection, drive reduction
and powertrain structures aspect of this new system. This report presents an overview
of the background research our team has completed and the current design of the
system. The background research includes customer requirements, existing designs,
relevant resources, and rules and regulations. We also cover the objectives and project
management strategy. The latter half of the report covers the chosen concept and
current component sizing of the system.

Figure 1. Nagao, Kyle, 2019 Cal Poly Racing combustion car at FSAE Lincoln competition, 2019

The Formula SAE electric competition consists of multiple events both static and
dynamic. The static events include the design presentation, where the vehicle and team
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is judged on their design process and engineering practices. Also included in the static
events are the Cost presentation, where the car is judged on its overall cost and
manufacturing feasibility, and the business presentation, where a business model of the
car is presented. The Dynamic events include an acceleration event, an autocross
event, a skid pad event, and an endurance race. The faster the time in these events,
relative to other vehicles, the higher the points received. Vehicle efficiency is also
calculated during the endurance event. A point breakdown of each event is seen in
table 1.
Table 1. Point breakdown of the Formula SAE competition

Event

Max Score
(Points)

Percentage of
total Points

Business
Presentation

75

7.5%

Cost

100

10%

Design

150

10%

Acceleration

100

10%

Skid Pad

75

7.5%

Autocross

125

12.5%

Efficiency

100

10%

Endurance

275

27.5%

Total

1000

100%
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Background
Cal Poly Racing’s electric car consists of multiple subsystems that work together to
produce a cohesive vehicle. These subsystems include the chassis, suspension,
brakes, aerodynamics, electronics, and drivetrain. This project’s focus is the drivetrain
subsystem. The goal of the drivetrain is to transfer power and torque from the electric
motor to the wheels. The current system utilizes a single Emrax 228 electric motor
mated to a Drexler FSAE limited slip differential via a single reduction chain drive.
Power is sent to the wheels via RCV drive shafts and CV joints.

Figure 2. The current drivetrain system of the Cal Poly Racing Electric
Vehicle with the Emrax 228 and Drexler FSAE differential

Though the system was light and performed well with minimal complexity, its
shortcomings were apparent in several key areas. Firstly, the need to route power from
the motor through a differential due to single motor architecture is an added complexity
when modeling vehicle dynamics. Since a differential is a passive mechanical device, it
operates in several regimes which are difficult to quantify and can make handling
difficult to predict. Despite the Drexler differential’s 5-way adjustability and small,
lightweight package, it still suffers in dynamic road conditions and cannot be easily
adjusted on the fly. The clear performance advantage gained with a dual or quad motor
traction control system is very enticing for this reason, as a well programmed electronic
traction control system can overcome these issues. Secondly, the single motor
represents a single point of failure in the system. If the car were to suffer a motor failure,
the car would be unable to compete. In the case of a multi-motor system, a single motor
failure would not spell the end of the competition as was seen with the University of
Washington car in 2018, which completed endurance after trouble with one motor began
before arriving at competition. With these shortcomings in mind, the decision to move to
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a two-motor system began with researching the current electric vehicle market to see
what has been successful among our Formula SAE peers, as well as in the professional
domain.

Gearboxes
Most FSAE vehicles fall into one of two forms of power transfer. Single motor systems,
such as the existing cal poly racing vehicles, typically pair the motor to a differential via
a chain drive. Dual motor systems typically utilize a gear train. Both of these systems
are designed for life as they operate on a cyclic nature of loading and unloading. Our
research focused primarily on planetary gearboxes given that they are a subject our
team is very unfamiliar with. Planetary gearboxes are unique in that they allow power to
be transferred along two shafts that are aligned on the same axis of rotation. This is
accomplished by having the sun gear (center pinion) surrounded by planet gears and a
stationary ring gear. Power can be transmitted by keeping one of these items stationary.
The typical configuration in automobiles is to have the sun gear act as the input, and the
planets together acting as the output with the ring gear held stationary. This
configuration is seen in figure 3.

Figure 3. A representation of a planetary gear set .

If designed and manufactured properly, planetary gear trains (consisting of planets, sun,
and ring gear) are capable of splitting the load between each planet by a factor of 1/n
where n is the number of planets. However research has shown that this is not the case
if tolerances are too large. According to modeling and testing done by Hammami et al.
[2], if the position of a planet is off by .002 inches in a three planet system, the highest
loaded planet can take up to 60% of the load instead of the expected 33%. Based on
this study, it is clear that manufacturing of a planetary gear set requires tight tolerances
and a high cost if load sharing is expected to be utilized. This is a unique trait to
planetary gearboxes on top of all other manufacturing considerations that must be made
for a parallel shaft gearbox including gear and shaft alignment.
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Parallel shaft gearboxes and planetary gearboxes both have losses that affect power
output and range of the car. Shigley’s Guide to Mechanical Design claims that the
efficiency of a standard gear reduction ranges from 94-97%. Different papers have cited
similar ranges for a planetary gearbox configuration with a claimed efficiency of 94%
according to Jianying and Qingchun. As efficiency falls, more energy that could be sent
to the wheels is instead lost as heat due to internal friction. The high heat can contribute
to shorter oil life and more frequent servicing.
Many FSAE teams utilize planetary gear sets in their cars and the majority of these
teams are incredibly successful. It should be noted that most of these teams use an all
wheel drive system in which there is a motor attached to each hub. Schools like
University of Wisconsin Madison utilize a system where their rear motors are connected
to a dual reduction parallel shaft gearbox and the front motors are mounted to the
uprights with planetary gear sets in the upright. Teams like University of Washington
have a system of only two motors and each is connected to an inboard planetary
gearbox. As seen by all of these teams, planetary gearboxes have the potential to be a
successful system.
Cal Poly Racing’s Baja team has run a gearbox for several years. We met with their
powertrain lead Andros Petrakis to gather information from their design process and
experience. Their design is very packaging limited, and as such he suggested we
consider the difference between straight cut and helical gears, as one will require a
bigger case due to axial loading. Another big issue and consideration with gears is
manufacturing. Gears cannot be cut in house on Cal Poly’s Campus, and lead times to
cut gears are usually 2 or more months from Cal Poly Racing’s sponsor, Advanced
Adapters. Tolerancing is a big issue, and extra care needs to be taken when evaluating
tolerance stackup. We also received some useful insight on O-rings, oiling, and
maintenance. He suggested we talk to Chuck Althausen, who has helped Baja design
their gear boxes for several years. Chuck, a former Advanced Adapter employee,
suggested we first start by determining our duty cycle and operating cases, as gears are
extremely fatigue driven. He reiterated the difficulty of manufacturing, particularly for
planetary gearboxes.
After PDR we began research into the design of planetary gear trains. The primary
resources for this included the AGMA design manual for epicyclic gearing (AGMA
6123-B06), “Epicyclic Gearing” by WG Wilson, our gearing advisor Chuck Althausen
and a large number of images and product pages of existing planetary systems from
automotive transmissions.
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The information gathered in these sections drove our overall gear train structure and
minimized the amount of analysis required to answer many of the questions we initially
had about this subject. A notable point included that epicyclic gearing allows for all
loads from the gears to be balanced between the planets or ideally internally resolved
leading to the main shafts being subjected to torsional loads only.

Vehicle Design Rules
Every form of motorsport has a set of rules and regulations to maintain an equal field
and create a safe racing environment. We picked out several rules that we felt may
impact our design. F.11.1.3 explains that all HV lines must be inside the rollover
structure which could contribute to packaging considerations. EV.3.1.4 explains that
there must be a scatter shield around motors in which the rotor rotates around the
stator. Several motor options that we have are configured as such. T.5.2.1 says that
spinning mechanical components must be enclosed or have a scatter shield. If we
choose a gearbox solution, it must be enclosed. Lastly, T.5.4.1 explains that lubrication
systems must be sealed. This is a genuine concern for gearboxes as leaking may
become an issue. This was a large point made by gearbox experts we have spoken
with. For an exhaustive list of all FSAE rules, please see the official rulebook.
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Objectives
Cal Poly Racing has stated several requirements they want the new drivetrain system to
accomplish. The new drivetrain must send power to each wheel independently to
enable torque vectoring. It is very important that the subsystem packages efficiently and
is serviceable, as serviceability has been an issue in the past. It must also be
lightweight.

Problem Statement
The Cal Poly Formula SAE Electric vehicle team designs a new vehicle each year, and
has historically used a single motor with power routed through a chain-drive reduction
and differential to handle torque splitting. In order to improve performance and engineer
a more competitive car, the team has decided to implement a new dual-motor high
performance electric drivetrain. This new drivetrain must improve the electric vehicle’s
overall performance in dynamic events while remaining lightweight and reliable. It must
also be manufacturable using the team’s resources, be easily serviceable, and comply
with all FSAE rules.

Boundary Diagram
Before beginning the design process our team held multiple meetings with Cal Poly
Racing management, in addition to our meetings with our advisor, Professor Fabijanic,
so that we could all come to an agreement on a boundary for our work. During these
meetings, we focussed on outlining a scope that would not only provide meaningful
growth for our team as mechanical engineers, but also remain attainable as the project
progressed throughout our senior year. The result is shown in Figure 4.
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Figure 4. Cal Poly Racing Formula eDrive Boundary Diagram - Final Scope

The scope boundary for our project is represented by the box outlined in red,
surrounding the motor, gearbox, and bench-test boxes. We originally were under the
impression that we would not be selecting motors, however after further research and
design development leading up to PDR, we discovered it would be much more
advantageous that we be the ones selecting motors, as this decision goes in tandem
with selecting a final drive ratio for our drivetrain (see Concept Development - Motor and
Gear Ratio Selection). In order to maintain a scope that our team could form a complete
and in-depth engineering analysis on, we decided to omit any design and analysis
regarding the battery, motor cooling, and controls systems from our scope. Additionally,
following CDR, the decision was made to omit the development of specific in-car
mounting geometry. Instead, universal mounting will be included on the case halves to
support bench testing. Controls, mounting, and bench testing will be taken on by the Cal
Poly Racing Formula team, should this design be implemented in the future.
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Summary of Wants & Needs
Before moving on to the QFD process, it was useful for our team to discuss the
overarching goals for Cal Poly Racing that would drive the overall design of the electric
car. This would give us a place to start for the QFD. During our discussion, the main
points of focus regarding “needs” were passing rules, staying at a reasonable weight,
reliability, and performance. The only notable “want” for this project was low
serviceability time--the rest of our discussion items either fell into our requirements list
seen in Table 1, or the scope displayed in Figure 4.

QFD Process
Due to our senior project team’s prior experience with Cal Poly Racing FSAE, we
began filling in our house of quality [Appendix A] with the previously discussed
teamwide requirements. Our electric drive system design must consider these points in
order to maintain cohesiveness with the overall design of the car. From there, we began
to fill in specifications that correlated to those requirements, while focusing on
specifications that would be measurable either in CAD or through testing. Once the
requirements and specifications were filled out, we then moved on to correlating each
item, and assigning tolerances. Finally, we evaluated Cal Poly Racing’s previous
iterations of their electric race car with regards to our requirements list. The QFD is
summarized in the section below, and shown afterwards in figure 5. Justifications for
the inclusion of our specific customer requirements are as follows.
1. The need to send power independently to each rear wheel is primarily affected
by the number of motors and motor controllers. For our system, one motor is
needed for each wheel and one motor controller is required for each motor.
2. The overall vehicle’s ability to be fast is highly dependent on weight. This
relationship is demonstrated simply through F=ma and associated VD
parameters related to overall vehicle specifications. However, it should be noted
that our system is not solely responsible for achieving the FSAE car’s overall VD
goals. As a result, this requirement will be evaluated on power to weight.
3. Following PDR, we decided to assess the manufacturability of this project on a
more detailed, feature-by-feature basis while conducting our detailed design
development. The manufacturability category should be ignored on the QFD
diagram.
4. The reliability of the system will have primary contributions from designed life and
the number of components. The designed life is a function of fatigue and
combined amount of time at different load states.
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5. The cost to the team is heavily influenced by the high cost of motor controllers
and motors. Following CDR we have decided not to purchase motors or motor
controllers for the completion of this project.
6. The specifications that contribute to serviceability are times/ability to fully service
the system, conduct routine maintenance, and overall packaging of the system
within the chassis.
7. The need to finish endurance refers to the specification of designed life, as well
as the system’s effect on range. These are dependent on reductions from motor
output. If the gearbox internals fail before endurance ends, we are much less
likely to finish.
8. Interacting with other subsystems is a worthwhile thought for overall car design,
but is a difficult metric to quantify with the specifications of our QFD. Our project’s
interaction with the rest of the car can be most closely correlated with its overall
packaging footprint.

Figure 5. House of Quality correlations between customer requirements and system specifications.
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After completing the QFD process, we then compiled the requirements into a summary
table shown on the next page. First, the specifications from the House of Quality
[Appendix A] are listed, followed by our plan to measure each specification.
Table 2. Engineering Specifications Table

Spec #

Specification Description

Requirement or target

Tolerance

Risk

Compliance

1

Total System Weight

55.94 [lb]

Max

M

T, A, S

2

Serviceability time

240 [min]

Max

H

T

3

**Cost to Team

~12,000 [$]

Max

M

A

4

Service Life

1 competition week

Max

H

T

5

Package Volume

Min [in3]

-

M

A, I

**This value does not reflect the cost to complete our senior project, but rather the cost
to implement the full system onto the Formula SAE electric car.

Table 2 shows the engineering specifications for our project which we will be adhering to
during our preliminary design. Options which cannot uphold these specifications will be
modified to meet these specifications or dropped for options that will meet the
specifications more easily. Justifications for the specifications are as follows.
1. The weight specification comes from the desire to keep the lap time performance
equal to or better than in the previous drivetrain iteration. This would be achieved
at or below 55.94 lb. Figure 12 in the Concept Development section provides
justification for this number. As a reminder, the scope boundary for our system
includes the motors, gearboxes, structures, and tripod housings/half shafts. See
figure 5 above for more details on the scope boundary.
2. The serviceability time requirement comes from the need to be able to do routine
servicing of the system on a school night in preparation for weekend testing. If
the system cannot be serviced in 4 hours, then the likelihood that the system will
be a hindrance to the ability to test the vehicle will greatly increase. We do not
anticipate the actual serviceability time to reach 4 hours, but we are establishing
this as an upper limit. For further explanation on routine service vs full rebuild, a
service manual will be provided in the final report.
3. Coming into the school year the Formula team’s budget took shape, and it
became clear that purchasing motors simply for the completion of this project
was out of the cards. We will be approaching testing as such without an Emrax
188, but we will still be assessing the cost metric based on the overall cost to the
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team in order to fully implement this system onto their car, as that is more useful
than purely our cost to build a gearbox.
4. The service life requirement is specified as one competition week, which will
consist of three dynamic events of hard driving as well as intermittent testing in
between. We aim to run the car for the entirety of competition without needing to
rebuild the gearbox. Specifically, this requirement refers to the components of the
gearbox that are not sized for infinite life, i.e. the gears. Analysis that expounds
on this requirement can be found in the Load Cases and Duty Cycle section of
the report.
5. The package volume specification will encompass the 3D footprint of the portion
of the system which resides inside the chassis, as that space is extremely
valuable to the accumulator subsystem. Allowing more space for energy storage
could mean a significant improvement in our endurance performance.
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Concept Development
As a team we followed a program of concept development of research, ideation, idea
selection with justification and preliminary design.

Ideation
Our ideation process started with functional decomposition of a drivetrain followed by
brainstorming as many solutions as our group could imagine. The functional
decomposition was an open discussion where all ideas were recorded and then those
ideas were either removed or combined to avoid redundancy and ensure accuracy.
Within the same document, we also recorded without discretion all ideas for solutions to
accomplish each function. Within this ideation session, there was some silly work done
however it was effective and got a very large number of potential solutions on the table.
The list of functions that was selected included transmitting power, running within a
temperature range, interfacing with the Emrax 188, supporting the motors and
reduction, being lubricated, providing the necessary reduction, and interface with the
hubs. The list of potential ideas is much longer than can be listed in this paragraph,
however some of the interesting ideas discussed included using fluid power to drive the
wheels, using a refrigerant based heat pump to cool the motors and gearbox, and using
rubber bands to interface with the rear hubs. Please see Appendix C to view the full list
of functions and potential solutions we came up with.
Once ideation was complete, selection of viable ideas completed and justification for
choosing the best of the top options was done. Once the best concepts were found, the
best system was determined. Figure 5 below outlines our idea selection path.

Figure 6. Development map
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Motor and Gear Ratio Selection
The decision to use two motors presents the challenge of selecting two motors to best
meet the goals of the overall system as well as provide a basis with which to design the
downstream components around. When selecting motors, our primary criteria are
performance, weight, size, and efficiency. In this preliminary analysis, we will be
covering only performance, weight, and size and leaving efficiency considerations for
our critical design phase as it will require a lengthy trade-off study into the effects of final
drive ratio.
The first step in this analysis is to add motors to a list for consideration. We sought
inspiration from other clubs who found success, as well as doing some independent
research into other options. Power-to-weight ratio and package size were sufficient
factors in determining if a candidate option was going to be feasible. After eliminating
many other options outright on the basis of power-to-weight and size, we arrived at our
main competitors: the Emrax 188 and the Plettenberg Nova 30S. A peak performance
data chart can be seen below in table 3:
Table 3. Maximum motor performance specifications

Motor (Weight)

Power (HP)

Torque (lbf-ft)

Max
Speed(RPM)

Weight (lbf)

Emrax
(16lb)

188 69.7

66.4

6500

15.432

Nova
(14lb)

30S 34.5

45.9

6500

11.023 (min)
14.33 (max)

The Emrax 188 is notably better in peak performance numbers, but to get a better
sense of the on-car performance difference, we produced a track sector simulation tool
and tractive effort plots for each car to better quantify the difference.
For the tractive effort plots, we found the final drive ratio required to produce tire force at
the traction limit, and compared the plots for each. Our traction limit for each wheel with
maximum longitudinal load transfer (1.7G) is approximately 495lbf, meaning our
vehicles total forward tractive effort limit is 990lbf at this forward acceleration. For a
configuration with 2 motors, each motor would need a 5:1 gear reduction for the Emrax
188 and a 7.26:1 reduction for the Plettenberg.
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Figure 7. Emrax 188 tractive effort plot

Figure 8. Plettenberg Nova 30 tractive effort plot

While below the power limit for each motor, which occurs at 26 mph and 52 mph for the
Nova 30 and Emrax respectively, the performance of each motor will be exactly the
same as they are geared for the same tractive force. However, above the power limit,
the performance will depend on the top speed as well as the rate of decline in tractive
force.
To find the performance difference in a useful quantity like time, we created an iterative
solver in matlab which solves for the time to complete a length of track. The section of
23

track we chose for this analysis is a single corner and straight from a section of track
from the autocross event from FSAE Lincoln 2019. The corner has a radius of 17 feet,
and the straight has a length of 220 feet. To compute the time required to go through
this corner and straight, you must know the initial velocity into the corner, velocity out of
the corner, and the acceleration of the car as a function of speed. With the tractive effort
plots above, we have the required acceleration information. Assuming that all of the
required braking has been completed prior to the corner, we can say that the initial
velocity into the corner is equal to the maximum velocity allowable through the corner
based on the lateral grip capability of the tires. Given that our vehicle is capable of 2.2G
of lateral acceleration in cornering, we can calculate this velocity, which ends up being
23.65 mph. This is the initial velocity for the straight section of track as well. Since both
pairs of motors will be operating in the traction limited portion of the tractive effort plot at
this cornering speed, the only deciding factor in this analysis is the time required to
complete the straight. The results of this analysis are tabulated below in tables 4 and 5
sweeping through different final drive ratios to see the effects on the sector time.
As seen in the table, the performance of the Plettenberg equates to a large loss in time,
especially in long straights of track such as the one in this hypothetical. The gear
reduction for the Nova 30S can be reduced to improve the sector time significantly, but
the price comes in the form of a massive loss in peak acceleration that will be felt
throughout the remainder of the track, which in the recent history of FSAE, have all
been designed to be dynamic and low speed. In any case, the Emrax has a definitive
advantage in every way.
Table 4. Emrax 188 sector performance at various reductions

Gearbox Reduction

Top Speed (MPH)

Sector Time (sec)

Acceleration Until
Power Limit (ft/s^2)

5.0

61.6

2.75

54.72

4.5

68.8

2.63

49.03

4.0

77.4

2.58

43.59

3.5

88.4

2.61

38.14
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Table 5. Plettenberg Nova 30S sector performance at various reductions

Gearbox Reduction

Top Speed (MPH)

Sector Time (sec)

Acceleration Until
Power Limit (ft/s^2)

7.26

42.3

3.66

54.72

6.5

47.6

3.35

48.99

6.0

51.6

3.17

45.22

5.5

56.3

3.00

41.45

5.0

61.88

2.89

37.68

In order to produce a secondary analysis to corroborate the results of this very basic
single turn and straight analysis, we turned to lap simulation. The lap sim tool we
decided to use was the free software OptimumLap. It is very easy to configure and has
useful tools to perform sensitivity studies for basic vehicle parameters like power and
weight, as well as others. In the vehicle creation tool, we were able to specify the
vehicle as an FSAE car, then input all of the other necessary vehicle parameters.
Getting these parameters exactly right is not necessary, as it is the incremental
performance difference per incremental change in vehicle parameter that is of use.
Next, GPS data from the FSAE Lincoln Nebraska 2019 endurance course was sent to
OptimumG (makers of OptimumLap) to reproduce the track in the format accepted by
the software. The last step was to select vehicle parameters to sweep to compare lap
times. There are three parameters that are of interest in the motor selection analysis:
power, mass, and final drive ratio. Since OptimumLap is only able to compare two
parameters at once, power versus mass was investigated first. The resulting plot
converted to a planar view is seen in figure 9. It shows power scaling factor and vehicle
mass vs. lap time (shown in the colored contours).
The range of mass and power values is intentional. The power scaling factor of 100%
corresponds to a vehicle with two Emrax 188 motors, while a power scaling factor of
45% corresponds to a vehicle with two Nova 30 motors. On the mass axis, the nominal
vehicle mass with the previous year's drivetrain configuration is centered on the axis
range and extends by one slug to each side. As can be seen in the plot, the lap time
gradient is very high in the power scaling factor axis. Since the weight difference
between the Nova 30 and Emrax 188 is no more than 4 lbf, the difference in package
weight will be at least 8 lbf. This is approximately 0.25 slug of mass decrease, which
corresponds to a very slim change in lap time performance.
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Figure 9. Power scaling factor percentage vs vehicle mass in slugs.

Based on the performance criteria and the results of this study, we have decided to
choose the Emrax 188.
With the Emrax selected, the next step is to verify that a 5:1 gearbox reduction is the
best option for the team. For this purpose, we again return to the lap simulation tools to
run several parameter sweeps of final drive ratio. The 5:1 reduction prediction was
formulated on a longitudinal grip model which incorporates longitudinal load transfer to
the driven wheels to maximize the forward force at launch. Because of the lack of load
transfer in the lap simulation, it can be expected that a lower final drive ratio will be
suggested to increase top end speed while not exceeding the traction limit
unnecessarily. To visualize this, I will run the same vehicle on the same track but with
total power held constant and the final drive ratio swept from 4:1 to 6:1. The results are
in figure 10.
As expected, the simulator favors a slightly lower final drive ratio due to the neglect of
load transfer. As seen in the tractive effort plot of figure 6 on page 19, the Emrax is able
to maintain a maximum forward acceleration condition until 52 MPH. This indicates that
moving to a lower final drive ratio will sacrifice forward acceleration potential for a large
operating regime of the vehicle. Referencing table 4 on page 20, the loss in peak
acceleration from a 5:1 to the ratio recommended by the simulator of 4.6:1 is roughly 6
ft/s^2.
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Figure 10. Lap time in seconds vs final drive ratio

In order to modify the simulator to better reflect the increased grip, we added a sweep of
longitudinal grip coefficient with a lower bound equal to the baseline, and an upper
bound equal to the equivalent grip coefficient that would reflect the longitudinal force
capability with longitudinal load transfer. The plot of final drive and longitudinal grip
coefficient can be seen below.

Figure 11. Lap time in seconds vs final drive ratio and longitudinal friction.
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As can be seen in the plot, the trough of the plot moves toward a higher final drive ratio
when presented with more available grip with the same vehicle mass. This echoes our
predictions that a 5:1 gear reduction will afford us the maximum possible longitudinal
acceleration, something that will be most useful in tight tracks with short straights, as
well as in the acceleration event.
In order to give a weight target for the completed system, an OptimumLap plot was
created with vehicle mass and power scaling factor swept against lap time. The result is
seen in figure 12. The starred position is the vehicle as modeled in its previous
configuration, and the arrow points to the zone in which the newly designed system
must reside to keep lap time performance in the same zone. This does not take into
account the performance benefits of the torque vectoring control we wish to implement,
but gives a solid upper bound to the weight target for the new system.

Figure 12. Power scaling factor vs vehicle mass in slugs. Demonstrates necessary system weight target.
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Power Transfer Mode Selection
The first idea selected was for the mode of power transfer. We narrowed our ideated
forms of power transfer to the most practical solutions of gears, chains, and belts. The
decision matrix below in table 6 guided this choice.
Table 6. Power transmission decision matrix

This decision was based primarily on the concerns of what we called reliability in the
context of FSAE, our packaging flexibility, what we called compatibility with electric
motors, and serviceability. Reliability in the context of FSAE relates to the major
struggles we have had with chains in previous seasons. Alignment of sprockets was
quite difficult to ensure and wear of components was well above what was designed for,
thus chains were demoted. Packaging flexibility pertained to the fact that chains and
belts are only effective at sending power between shafts over relatively long distances.
A gear system can send power between shafts over short distances or even provide a
reduction axially such as in a planetary configuration. The property we called
compatibility with electric motors was a way to describe the stiffness effects of a
drivetrain. The lack of stiffness in the existing system is a significant portion of the
shuttering effects that exist and need to be mitigated. Due to the stretching effects of
belts and chains we determined that a gear system would be best. The only concern
with a gear based system in this context is backlash which could cause problems when
transitioning the gear-train from unloaded to loaded or when switching loading directions
(from braking to accelerating).
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Gearbox Selection
Both motors are very similar in shape and size however they are structured differently.
The stator of the Emrax is at the center and the rotor is the outside surface which
makes packaging different from a typical motor. The Plettenberg is more typical in that
the stator is the outer shell and the rotor is an internal shaft. This led to packaging being
quite different for each motor. After finding initial evidence that the Emrax was going to
be the superior choice, we began packaging studies with different gearbox
configurations. The first gearbox configuration we removed from our ideation set was
one in which the axis of the motor was oriented vertically and then utilized a bevel gear
set to change the direction of rotation. It was determined that this would require very
complicated mounting and a system that would require supporting loads in many
directions.
We were left with two options: a planetary gearbox and a parallel shaft gearbox.
Planetary gearboxes are a unique configuration in that they can allow for a large
reduction while also allowing the input and output shaft to be on the same axis. A
planetary gearbox can also utilize the principle of load sharing in that each planet gear
can carry 1/n of the load, where n is the number of planets. This can allow the planets to
be designed to take lower loads and thus be lighter. However, this is heavily dependent
on the positional tolerance of the center axis of each planet. According to Hammami et
al. , the load ratio for a three planet gearbox could change to a max of 60% instead of
33% where the axis of the planet was off by .002 inches as seen in figure 9. This will
increase manufacturing cost significantly as tolerances must be quite tight in order to
achieve load sharing.

Figure 13. plotting the modeled and tested load sharing ratio (Hammami et al.)

The alternative to a planetary box is a parallel shaft gearbox. Parallel shaft gear sets
utilizing spur (or helical gears) cause radial (and axial) loads to be applied to the shafts.

30

Double helical gears can be utilized to eliminate axial thrust. Typically, parallel shaft
gear sets are known for their simplicity, and ability to handle high torque and high radial
load.
These two gearbox configurations both have large amounts of merit given that multiple
FSAE teams utilize both options. The packaging size of a planetary gearbox can be
very advantageous and the ability to have a high reduction in that compact size can be
superior to that of a parallel shaft gearbox. However, the simplicity and larger tolerances
of a parallel shaft gearbox can make design and manufacturing easier. Weight and
position of the gearbox will also affect the center of gravity, yaw moment, and weight
distribution of the car. We opted to make the choice between these gearboxes with a
decision matrix, as seen in table 7, given that both options were strong competitors.
Table 7. Decision matrix for gearbox configuration

We chose to heavily weight packaging efficiency due to the constraints of Cal Poly
Racing’s monocoque chassis. The FSAE teams that we have investigated who run
parallel shaft gearboxes utilize a half-coque in which the front portion of the chassis is a
carbon fiber monocoque and the rear half is a steel tube structure. This gives them
much more packaging flexibility for their gearbox. Our design requires that everything fit
inside the current chassis walls given that the most recent chassis redesign happened
within the last year. A packaging comparison between preliminary planetary and parallel
shaft gearboxes can be seen below. Refer to Appendix C for additional packaging
analysis.
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Figure 14. Gearbox packaging comparisons

The parallel shaft gearbox was sized using a 1.75 inch diameter pinion. This size was
chosen rather arbitrarily for the sake of comparison, however it was not a complete shot
in the dark based on context from background research on automatic transmissions, as
well as a required gear train length for the input and outputs to clear. Knowing the size
of the motor and relative size of our tripod housing, we needed at least 5 inches of
center-to-center distance for the inputs and outputs to clear. In order to achieve this
without gears that were abnormally large, we used a dual 2.25:1 reduction to hit our
chosen 5:1 overall reduction. A 1.75 inch pinion gave us 5.7 inches of center-to-center
distance, and kept the overall gear diameter manageable. Once the gear train was
sized, we included 3 shafts, and 6 roller bearings, and left .25 inch of clearance all
around when sizing the casing.

32

The planetary was sized arbitrarily with a 1 inch diameter pinion for the sake of
convenience. We are unsure at this time whether or not this will continue to be the case
once our detailed design begins. This means that the diameter of the internal gear must
be four inches, and having extra material on the outside left us with an OD estimate of
five inches. The width of the planetary box was determined with a rough packaging
study made up of a pinion, three planets, the internal gear, a double shear carrier, two
bearings on the output shaft, and a bearing on the input shaft. We expect that much of
this design may change as we enter detailed design with the assistance of our expert
Chuck Althausen.
Mounting will need to be developed and within that mounting, serviceability will need to
be assessed as well as a modal analysis. In order to not require a formula team
member to have to reach their hand to the floor of the chassis to tighten bolts, there
have been discussions of the use of captive slots for bolt heads. This would allow the
team member to only tighten a nut on the outside surface of the chassis without fiddling
and follow more proper assembly practices. Since the mounting structures are likely to
be made from aluminum, a steel insert between the captive slot and the bolt head will
be needed to prevent marring. The mounting will need to be analyzed for the load cases
that will be developed along with our duty cycle.
In the context of this comparison, we felt that manufacturability and cost were lower
priority than other properties due to our unknown budget, extensive list of sponsors, and
extensive manufacturing skills. They were not insignificant though as the manufacturing
and tolerances of a planetary are significantly more involved than a parallel shaft
gearbox. Efficiency was our lowest priority given that both systems have similar
efficiencies based on the findings in our background research. Serviceability and weight
were chosen to be high priority based on the effects they have on the team in terms of
the overall vehicle and how frustrated team members would be working on the system.
The weight and serviceability of each option were evaluated using packaging studies
based on estimated sizing and choosing between aluminum and steel for each
component. The screenshots of the packaging studies show that the planetary
configuration allows for much more space to get hands around the components. Weight
was determined to be 25lb for the parallel shaft configuration and 16lb for the planetary
configuration. We were very fond of the parallel shaft gearbox for much of the
development process but eventually chose that the planetary configuration fits our goals
most closely.
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Chosen Concept
Our chosen system is made up of the motor, gearbox, and mounting. The chosen motor
is the Emrax 188, the chosen gearbox configuration is a planetary, and mounting will be
integrated between the gearbox case and motor. The system axis of rotation will be in
line with the rear axle line as defined by suspension. See figure 15 below for design
layout.

Figure 15. Preliminary gearbox packaging design - rear isometric section view

The planetary configuration will take up minimum space and will be easy to service
thanks to being able to remove each individual lobe from the vehicle independently. The
locations of the connection points of the motor will require a new system of attaching the
HV lines. The close proximity of the stators will also allow an integrated cooling system
that will cool both motors. However, motor cooling is not currently in the scope of this
project.
Based on feedback from our PDR report, it was made clear that excluding the electrical
and cooling connections from our scope defeats our hard focus on serviceability in this
report. To assess this point, we requested input from former drivetrain leads and current
team members involved in the high voltage electrical system. They believe that a
system designed in this manner is going to be a tight fit but it will be doable.
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As can be seen clearly in figure 15 above, the tripod housing will protrude from the
chassis wall. Large holes in the chassis for this hole may affect suspension hardpoint
mounting stiffness which will affect chassis stiffness and strength. We were initially
concerned with chassis stiffness effects from drilling these large holes; however,
appendix E shows a map of critical chassis surfaces that greatly impact roll stiffness.
The areas where the large holes would be drilled are not going to be a problem. An
additional problem with this relates to half shaft length and plunge due to how far
outboard the housing is.
It should be noted that, although the chosen concept above remains valid for the
purpose of this project, our final design does not incorporate any in-car mounting
system, or electric motors as depicted in the figure above. For more detailed information
on full car system implementation, please see the project improvement section at the
end of this report.
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Final Design
The Final Design section focuses on load case and duty cycle analysis, gear and shaft
design, as well as carrier design, lubrication considerations, full system packaging, and
finally tolerance analyses. Images of our final gearbox design, both CAD and the fully
assembled unit, can be seen below in figure 16. For a brief overview, this gearbox’s
main components are a ring gear, three planet gears, a sun gear that serves as the
input shaft, a planet gear carrier that serves as the output shaft, and two case halves.
The gearbox’s final weight is 6.75 lbs, with steel gears and aluminum case halves. For a
fully labeled section view, please see figure 17. For exploded view and BOM, see figure
33 and table 16.

Figure 16. Final gearbox design, section views, and full assembly.
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Load Cases and Duty Cycle
To determine the number of loading cycles the gearbox will endure during its lifetime,
we again turned to lap simulation with OptimumLap. Using the FSAE Lincoln 2019
Endurance track, published power curves for two Emrax 188 motors, a 5:1 gear
reduction, tire grip at static loading, an estimate of the total vehicle weight and the
specifications for aerodynamic performance of Cal Poly Racing’s vehicle from the
previous year. The time based results from the lap simulation were exported to Excel
and included time accurate motor speed, longitudinal acceleration, and an associated
elapsed time. Using these parameters, we were able to normalize positive values of
longitudinal acceleration. We then multiply the normalized values by the available
torque for a single motor. This allows us to monitor the torque output from the motor to
the gearbox over the course of a single lap. There is a motor torque time series in the
output of OptimumLap, but these values are not correct as they are simply the available
torque at the given motor speed, not the torque being delivered through the driveline.
After finding the true motor torque output time series, we created a histogram with 5
bins, the first of which encompasses all negative torque values, then 4 equally spaced
bins containing the positive values of torque.
A single bin is used to represent all the values of negative torque as we will not be
implementing regenerative braking in the upcoming season. There is currently no
software in development by Cal Poly Racing to utilize regenerative braking, and the
maximum charging amperage that the current system can accept is not high enough to
provide significant braking force at the wheels. Drivers are currently not accustomed to
the effect of a significant braking force when off-throttle, and the addition of that would
create a disparity in the driving styles between the electric and combustion car, which
drivers are not trained for independently. For these reasons, we have opted to leave
regenerative braking for future development with the caveat that it would require
resizing components in the system. All negative values of torque are estimates of the
torque required to halt the rotational inertia of all of the spinning driveline components.
Additionally, the total number of cycles is needed to perform gear sizing along with a
velocity factor, so a histogram was created to take the average RPM value for each of
the five bins. For the total cycles, the RPM was multiplied by the time step and
summated for each RPM regime from the histogram to get the total number of cycles.
To model an entire week of competition, we totalled the number of miles driven for all
events, testing, and technical inspection and divided by the number of miles per lap of
endurance to obtain the “number of endurance laps” metric of gear life used in the table
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below. Since the lap simulator “drives” as fast as possible, faster than humanly possible,
this metric is a more conservative reflection than a real world scenario.
Table 8. Load cases and number of cycles for each gear

In order to understand the number of cycles and loads that each gear went through, we
had to inspect the behavior that the gear teeth undergo. For the sun, planets, and ring
gears we chose to assume perfect load sharing and divided the force that each tooth
had to transmit by the number of planets We then multiplied the number of cycles for
each gear by their respective rotational velocities. For the sun and planet gears, we
then multiplied the total number of cycles by the number of planets. For each planet, we
further multiplied the number of cycles that it undergoes by two for its interaction with
the sun and with the ring after determining that the forces are equivalent for both in a
quasi-static analysis.
Another driveline load case we must consider is shock loading in a corner if triking
occurs. When the inside tire comes off of the pavement, the motor spins up and then
the tire comes back into contact with the pavement. Based on input from a senior
vehicle dynamics engineer and FSAE team alumni, Esther Unti, it was recommended
that we use twice the motor max torque for this shock loading case.
Due to the fact that all radial gear forces are internally resolved within the gear train, the
case and all supporting components were subjected to loads derived from the CV joint,
gyroscopic loads and cornering forces. The CV joint applies a moment to the tripod
housing and gearbox output as the halfshaft swings through the span of it’s articulation.
Based on the assumption that the half shafts will be articulating in the vehicle YZ plane
only, this bending moment acts about the vehicle Z axis with a quantity of maximum
output torque multiplied by the sin of the max articulation angle. See appendix H for the
free body diagram that leads to this bending moment. The cornering loads that affect
this system are dependent on the mass of the system, and lateral acceleration. Sizing of
mounting will be reassessed once a final mass and max cornering speed is determined.
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Based on the load cases described above, the overall goals we want to meet, the
research we did, and input from our advisors we chose the overall structure of the
gearbox pictured below. The major components are labeled in figure 17.

Figure 17. Labeled section view.
1. Outboard Case 2. Ring Gear 3. Inboard Case 4. Breather/catch can Adapter 5. Planet Gear Roller
Bearing 6. Input Shaft Bearing 7. Sun Gear/Input Shaft 8. Inboard Rotary Shaft Seal 9. Oil Level Sight
Glass 10. Case Alignment Pin 11. Carrier/Output Shaft 13. Outboard Rotary Shaft Seal 14. Output Pin 15.
Planet Pin 16. Planet Gear

Gear Sizing
We chose a spur gear profile as opposed to a helical gear profile for a number of
reasons, primarily to eliminate any axial load that would be created by a helical profile.
Eliminating these axial loads drastically simplifies our design and allows for feasible
packaging within the given chassis profile. Because this gearbox is being made strictly
for a racing application, the increased noise that comes with straight-cut gears was not
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an issue during the decision making process. Furthermore, based on background
research and observation of similar designs from other FSAE teams [1], we felt the
additional face width of a helical gear profile was unnecessary to transmit the loads from
our motor. This thought was validated during our detailed gear design phase, which will
be discussed below. Finally, cutting a straight-tooth gear profile is more manufacturable
and economical with the resources available to us compared to the process required to
cut a helical gear.
The current gear geometry can be seen in Table 9 below. Each gear shares a Diametral
pitch of 16 teeth/inch and a face width of 5 inches. 8620 steel was chosen due to
availability from sponsors and well known material properties when it comes to gear
sizing. The current design utilizes grade 2 contact and bending stress cycle values and
will need to be updated to grade 1 based on feedback from our heat treating sponsor,
Thermofusion. The planet gears are crowned to promote load sharing from carrier
deflection. Crowning gears can add significant value to the wear properties of a gear
however, analysis showed that due to the low number of gear cycles, gear sizing was
driven by bending strength and not contact wear.
Table 9. Gear specifications

The gears were sized using ANSI/AGMA 2001 - D04 specifications for involute spur
gears. All gear sizing factors were determined and input into a spreadsheet, and safety
factors for bending and contact were determined for each load case bin. Fatigue for
bending and contact was then calculated for the total number of cycles. As stated
above, due to the low number of cycles, the main failure mode with the current design is
due to bending and not contact wear. Current analysis is being conducted to decrease
the size of the gears and obtain more reasonable safety factors. Decreasing face width
may come at the cost of warpage during heat treating, so the main point of size
reduction will be in the gear diameter. Minimum diametral pitch for the planet before
interference occurs is 14 teeth and is currently being investigated for producing more
reasonable safety factors. Analysis is being done on the sun and planet gear rims to
determine if material can be removed from the interior of the gear to minimize rotating
mass. A final element of gear sizing to investigate is shock loading.
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Table 10. Gear bending and contact safety factors

Carrier Design
The carrier is designed to carry the pins, which support the bearings which support the
planet gears. We chose a double shear configuration due to the increased stiffness and
the observation that single shear carriers are only used for extremely high speed
applications. The retainment system for the planet pins at the time of this report was a
press fit. However, based on input after our CDR presentation, we have realized that a
more permanent method is required. Options include C-clips on either side of the pin or
a set screw clamping onto a flat. Additionally, a detail excluded from CAD was the axial
retainment of the planet gear and the needle bearing. There will be thrust washers on
each side of the gear to prevent rubbing on the carrier. The bearings between the pin
and the planet gear were selected to be needle roller bearings for their convenient size
and ability to carry high radial loads. These needle roller bearings have not yet been
sized for our loads but based on initial sizing, the SKF K series needle roller will fill our
needs.

Shaft Design
The input, output, and planet gear shafts were sized based on an infinite life analysis
using the DE Goodman failure criteria, and AISI 4130 steel. Shaft material is subject to
change, per recommendations we received after CDR from Chuck Althausen. We
proceeded with 4130 due to our familiarity with the material on the Formula SAE car, as
well as its availability. Additionally, because DE Goodman does not check for yielding,
we evaluated for our shock loading case of double the motor torque. The planet shafts
that reside in the carrier were sized under a bending load case that is specified below in
figure 18 from Shigley’s [5].

41

Figure 18. Bending moment for center load and 2 fixed supports given by Shigley’s

All infinite life analysis was approached with a target safety factor of 2, while a yield
FOS target within 20% of 1.5 was considered to be acceptable. When analyzing our
infinite life components, we targeted a safety factor of 2 due to unknowns within our
load cases. Generally, a safety factor of 1.5, sometimes even lower, is accepted for
racing vehicle applications. Per Cal Poly Racing’s main team goal of reliability, we chose
these factors of safety to ensure our design would not fail throughout our prescribed
design cycle. Additionally, a check was performed on the input and output shaft spline
sizes to ensure manufacturability per Advanced Adapters’ minimum tooth capability. By
using geometry from standard shaft sizes, and an equation for maximum tooth stress
taken from source [6], taking into account an empirically developed stress concentration
factor for spline teeth, we were able to verify multiple standard spline sizes were
adequate for our shock loading case. Originally, the output shaft was evaluated under a
purely torsional load case, seen in table 11 below, however due to an additional bending
moment induced by the half shaft angle, further analysis must be conducted to ensure
proper sizing of these shafts. A summary of the calculations, minimum diameters, and
factors of safety can be seen below in tables 11 through 15. *
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Tables 11, 12 and 13. Summary of calculations for output, planet, and input shafts

Table 14. Summary of shaft minimum diameters and safety factors

Table 15. Summary of calculations for spline tooth manufacturability check
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The bearings for the input and output shafts have been selected as the SKF 618 series
deep groove ball bearing. This choice for a deep groove ball bearing was made based
on their ability to take relatively high axial and radial loads. Although this system is not
meant to take any axial load, there is a possibility that stiction in the CV joint could apply
axial loads to the system. The 618 series was chosen because it met our approximate
size requirements for bearing width and thickness; however, they are not sized or set in
position within the case. The choice of the 618 series specifically is due to the lack of
seals, which will allow for the bearing to continue to be lubricated in this gearbox and
pass from one side of the bearing to the other. To ensure that oil is distributed properly,
we will be adding oil passage features into the case, which will be discussed later in this
report.

Lubrication and Sealing
The gears will be oiled using splash lubrication where the rotation of the gears flings oil
throughout the gearbox. It is the simplest and cheapest lubrication method and requires
no externally powered pumps or filters. It is adequate for pitch line velocities below 15
[m/s] [4] and the maximum velocity seen in the current design is 8 [m/s]. Oil level will be
monitored with a sight glass. Figure 19 shows several proposed passages to
adequately supply oil to the bearings, however, these oil passages will not be produced
in our prototype due to the precision and depth required which would necessitate the
use of a fourth axis on a CNC mill, which we do not currently have the fixturing
capabilities to perform. This is likely to change in the student machine shops in the near
future and should be performed for a gearbox intended for full use. Gearbox sealing will
be accomplished in two ways. The shaft seals are nitrile-coated, spring-loaded radial
seals to prevent oil loss past the shafts. A breather will also be installed to prevent seal
blowout due to a change in pressure. The inboard and outboard case halves will be
sealed against the ring gear using an O-ring. The O-ring will be grooved into the cases
to prevent a stress concentration on the ring gear. Oil type and weight selection should
be determined once a steady state operating temperature has been established.
According to Machinery Lubrication, a publication by Noria, for pitch line velocities of 8
[m/s], a gear oil of ISO 270 weight is sufficient with operating temperatures of 65C. [8] If
operating temperatures rise to 85C however, the recommendation increases to ISO
700. This is the difference between SAE 90 and SAE 85W-140 respectively. As such, it
is important to characterize the operating temperature and as an initial estimate, use the
heavier SAE 85W-140 and accept the higher windage losses until it can be determined
that a lighter oil can be used.
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Figure 19 and 20. Proposed oil passages for bearing lubrication, CDR (left) and final oil passage design
(right)

Packaging Considerations
Our final design, when placed in the current Cal Poly Electric Car monocoque, has an
interference between the outboard side of the case and chassis wall, which can be
observed in figure 21 below. Because this iteration of the gearbox is only meant to be
bench tested, we are not worried about the necessary case design development in
order to fit the gearbox between the chassis wall and motor. The current interference is
less than .100 inches, and we have an additional 1 inch between the motors, which can
be decreased only if absolutely necessary. Based on input from the electrical team and
our own understanding of the existing motor cooling system, a tight fit between the
motors will lead to sacrifices in overall system serviceability. Initial packaging studies
and explorations did not include these subsystems despite being one of the largest
contributors to the serviceability of this system. The mechanical system is designed with
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modular installation and removal in mind, so that it will not only remain possible, but
realistic to remove each motor and gearbox assembly through the 14.2 inch chassis
opening. The total package, once the half shaft is removed and tripod housing is
disconnected, is 6.80 inches wide by 7.38 inches long, driven by the diameter of the
Emrax 188). This leaves plenty of space when removing through a 14.21 inch wide x
12.33 inch long chassis opening. By the time this system is bench tested and validated
before proceeding with full-car system integration, the developments necessary to
mitigate this small interference should not pose much concern.

Figures 21 and 22. Rear Packaging Check

Tolerance Analyses
Based on the information in “Load Sharing Behavior in Planetary Gear Set” Hammami
et al. and a lack of understanding of what tolerances were truly important when locating
components in this assembly, we chose a blanket tolerance on each part of .001 inches
for locating features. This led to problems as the increase in hole size required for the
stackup of tolerances was not factored in.
We chose the thickness of the ring gear to be thicker than the planets by .025 inches to
allow for the carrier to move axially due to tolerance stackup, backlash, and the floating
aspect of the design. There was a small amount of slop designed into the axial position
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of the planets. We designed this to allow for .010 inches with all components (carrier,
planet gear and thrust washers) at their maximum material condition. The actual
numbers can be seen in the drawings in appendix O and the stackup table generated
for this assembly in appendix I.
For more information on how tolerance stackup affected assembly see the design
verification section.

47

Manufacturing Process
We have spoken with Advanced Adapters, a long time supporter of Cal Poly Racing
who offered to cut our gears and splined features. They required that all pre-machining
be done by the team. Advanced Adapters did not have the cutters required to cut our
gears selected diametral pitch, so we rented from Ash Gear a set of 16 tooth per inch
DP hobbing and shaping tools. To cut the planet gears and input shaft/sun gear blanks,
we utilized our CNC turning capabilities to make the number of blanks required. The
ring gear blanks were made utilizing a CNC mill. In order to cut the complex shape, a
custom fixture plate was manufactured.
The ring gear blanks were produced in two operations: a roughing and finishing
operation on one side with bolt and locating holes drilled for the next operation, and a
finishing operation on the opposite side to remove all remaining stock and chamfer the
remaining edges. This necessitated a solid fixture plate with Mitee-Bite clamps in order
to resolve the large cutting forces seen in this operation. The fixture plate consists of six
Mitee-Bite clamps on each smooth outer face, as well as two locating pin holes to fix the
orientation of the part on the plate. Once the part is pinned to the plate, the Mitee-Bite
clamps are gradually star-pattern tightened until the part is secured in place. This fixture
plate, seen in figure 23, was made from stress relieved 6061-T651 aluminum alloy to
prevent major deformation due to the release of internal stresses after cutting. This
ensured that we could maintain a greater degree of flatness on the fixture plate after
removal from the table in the event we need to re-use it later. Due to an unsolved issue,
all ring gear blank tolerances were outside the specified targets for parallelism and
thickness between the mating faces. It is hypothesized that despite the use of stress
relieved fixtures, the discrepancy in clamping forces between the fixturing of the plate to
the table when it was created versus when it was used to cut gear blanks was the culprit
for the parallelism issue. The gear thickness issue may have been a tool probing error,
but this is also uncertain, as tools were re-probed between parts while attempting to
identify the source of error.
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Figure 23. Ring gear blank in second operation clamped to fixture plate

We made several extra gear blanks to account for the parts necessary to calibrate the
cutter. Once the blanks were cut, as shown in figure 24, they were transported to
Advance Adapters (AA) for hobbing and shaping. Additionally, planet pins were turned
and grooved to then be sent to Thermofusion for carburizing.The pins can also be seen
in figure 29.
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Figure 24. Finished gear blanks and pins ready to be sent to external vendors

AA shaped and hobbed the gear blanks to obtain the required pitch, pressure angle,
and diameter specified. Using their gear cutting experience and understanding of how
heat treating will affect the tolerance, AA chose to undersize the planet and sun gears,
and oversize the ring gear by .002 inches. It was initially expected that this would cause
significant issues, however, during assembly and after carburizing it was found that their
intuition was spot-on.
In order to shape and hob the gear teeth profiles with the selected cutters that were
rented, custom tooling was required. Two fixtures were made; a shaping fixture for the
ring gear and a hobbing fixture for the planets. These fixtures are shown in figure 25
below.

50

Figure 25. Ring and planet shaping and hobbing fixtures.

The ring gear was bolted to the fixture and located with two pins. The relief under the
primary locating surface of the fixture was necessary to allow the shaping tool to
effectively go through its stroke. The planets were located to the hobbing fixture with a
transition fit and held in place with a bolt. These custom fixture components were turned
and milled on manual machines. The bearing abutments on the input shaft and sun gear
were suitable for locating the shaft for cutting. Due to the complex shape, the profile
could not be hobbed and was shaped like the ring gears. The cut gears are shown
below in figure 26 and 27.

Figure 26. Hobbed and shaped gears before carburizing
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Unfortunately, we were unable to drill a hole from the root of each planet gear to the
respective bearing surfaces before they were sent to thermofusion for hardening. This
will affect the amount of fresh oil the needle bearings receive, and the team should
inspect these bearings for signs of oil starvation after each testing session as outlined in
the design verification section. If the team finds that these bearings are oil starved, the
current planet gears should be drilled to include the oiling passages, or new planet
gears with correct passages should be manufactured.The following image shows the
assembled planetary set before being sent to Thermofusion for carburizing.

Figure 27. Gears in planetary configuration before carburizing

After being carburized at Thermofusion, the gears were discolored and warped as AA
expected. The final diameter-over-balls, the measurement used to determine the pitch
diameter of the gear, will be discussed in the Design verification portion of this report.
Once the carburized gears were received by the team, they were tested for fitment and
ease of rotation, as shown in figure 28. Once the post carburizing fit was evaluated to
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be suitable, the planets were sent back to AA to hone the ID of the bores. This may
have led to the inconsistent inner diameter as discussed in the design verification
section.

Figure 28. Post carburizing inspection of gears.

Our pins were also hardened at Thermofusion. The range for hardness specified was
58-63HRC at a depth of .030 inches and was achieved after carburizing, quenching and
tempering at 300℉. After being hardened, the pins were sent to McGuire grinding, a
sponsor of the team, to be centerless ground. The centerless grinding worked incredibly
well and left a fantastic surface finish as shown in figure 29. The dimensional precision
was exactly to spec as is detailed in the statistical analysis report of appendix J.

Figure 29. Ground and hardened planet pins
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While long lead time parts were being manufactured, the in-house parts were machined.
The first part manufactured in-house for the gearbox was the carrier, seen in figure 30.
Once the critical diameters were turned on a CNC lathe, the part was fixtured in a CNC
mill and the locating holes were bored. Unfortunately, the choice of fixturing was poor
and was not able to handle the cutting forces required. This caused the bores to not be
within positional tolerance. To accommodate for that, the holes were enlarged in order
to make a functional part for this project. It is highly advised that a new version of this
part is made when implemented into the vehicle. For future attempts, in order to
properly fixture the carrier in the CNC mill without detriment to the carrier’s surface
finish, soft jaws with relief chamfers should be used with a moderately high clamping
force. For this prototype, in order to machine the required slots to house the planet
gears, a manual mill was used. In the future, a Haas HRT 210 rotary fourth-axis may be
used as Cal Poly’s machine shop has one available to use.

Figure 30. Carrier in machining operation three being indicated for milling slots

The case halves were made using a CNC mill. The parts were made in four operations
each to ensure that clamping did not affect the cylindricity of the bearing bores or
position of the locating holes once removed from the fixture. See figure 31 with in
process images of the case halves.
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Figure 31. Outboard case halves after first machining operation

Case halves were made in four operations on a CNC mill. Our stock dimensions for the
part were 8 inch diameter by 3 inch long rounds of 6061-T6 aluminum alloy. These
rounds were easily fixtured in Mitee-Bite OD clamping jaws for the first operation and
allowed for very fast roughing due to the high cutting force allowance. The first
operation concluded with a fine boring operation at the center in order to have a precise
datum reference for the future operations. .020 inches of stock was left radially and
axially on these surfaces to be fully removed later. After this first operation as seen in
figure 31, there is no longer a suitable surface to perform the next operations in a vice,
so soft jaws were used. Figure 32 is an image of these soft jaws. Operation two is a
roughing operation to remove the majority of the remaining stock from the opposite side
using a high amount of clamping force in the soft jaws. With the finely finished bore from
the first operation now exposed on the opposite side, the part was unclamped from the
soft jaws and re-clamped at a much lower force. This ensures that the clamping force
does not cause the features to become deformed after being released from the fixture
after the finishing operations. Using an indicator with .0005 inch resolution attached to
the spindle in the CNC machine, we centered the work offset in the machine around the
bore to ensure locational precision. Then, operations three and four were finishing
operations, cleaning up all remaining surfaces and finishing the bores, as well as drilling
the holes, which in the case of the alignment pin holes, needed to be located precisely
with respect to the bores and was thus done best in the same operation. Tool wear
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compensation was used with the boring operations in order to achieve the specified
dimensions on the drawing. Before removing the parts from the machine, a bearing was
inserted into each bore to ensure a proper fit. Figure 32 shows the outboard case-half
internal features being finished in the soft jaws. The same soft jaws were used for both
sides of both case-halves.

Figure 32. Outboard case half in soft jaws for machining operation four

The case-halves were a timely endeavor due to the care taken to ensure the work offset
precision between operations, as well as the number of operations. It is not advisable to
remove any operations from this particular part without due care regarding the accuracy
of the work offset positioning. Using the built-in Renishaw spindle probe in our Haas
Super Mini Mill 2, we found that the resulting deviation per axis as indicated was up to
.0009 inches, and in the Haas VF3-SS, was up to .0005 inches. As such, relying on the
spindle probe to locate the work offset on the critical bore would have resulted in a
deviation of around .001 inches that is easily avoided by adding the extra step of
manually indicating the bore. Taking these extra steps proved to satisfactorily meet our
tolerance requirements for the case halves.
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Assembly, BOM, and Cost
Assembly Steps
Proper assembly of our planetary gearbox should proceed based on the tips that follow
this paragraph. After development of our FMEA as seen in appendix G, the importance
of a dedicated assembly and maintenance procedure was highlighted. To understand
the steps taken to assemble the gearbox for this project, see the assembly manual
referenced in appendix K. To reiterate - this was not necessarily the best order to
assemble these components, but this is how we did it. Notes have been made in the
coming section to detail a better method. The manual outlines a step-by-step process
for assembly and disassembly, and includes tips on items that might otherwise not be
intuitive to future Cal Poly Racing members. The gearbox exploded view, BOM, and
cost summary can be viewed below.

Figure 33. Assembly exploded-view in tandem with the BOM shown below.

Table 16. Assembly BOM
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Assembly issues
One of the first assembly issues that was encountered was the fit of the planet pins into
their bores on the carrier. This was specified as an interference fit to ensure that as the
box operated, the bore surrounding the pin did not deform over time. However, the
press fit was too tight that attempting to shimmy the sub assembly of a planet gear,
needle bearing, and two thrust washers would be almost impossible without
modifications and custom tooling. The bores were expanded after early attempts to
assemble. Determining if this deformation due to hardness differences is problematic
will need to be analyzed after running the gearbox in its specified conditions. This will
also be discussed in the Design Verification section.
Thanks to manufacturing issues specific to the conditions of this project, there was only
one carrier that was able to be made and it was far out of tolerance. The dimensions will
be covered in the design verification portion however, the assembly issues related to it
are being discussed here. Due to the failed positional tolerance , the bores were
required to be expanded even further to ensure that the gear assembly could be
assembled. Even though the holes were made larger, a large torque is still required to
rotate the assembly in certain positions. It is believed this failed positional tolerance is
the source of this stiffness.
When combining each subassembly into the final assembly, there were issues with the
length of the pins that drove the order of assembly. Before the inboard case half can be
installed, the input shaft needs to be installed from the outboard direction of the case.
Since the sun gear is already fixed in position, choosing to install the ring onto the
inboard case half was a mistake. Installing the carrier with planets onto both the ring
gear and the sun means that all gears must be exactly aligned, which is terribly difficult
to achieve. This is shown in figure 34. This required very careful manipulation, and was
not an effective method of assembly. This assembly order caused the carrier to be as
far inboard as possible, preventing the C-clip that retains the outboard case to the
carrier from being installed. Fixing this damaged the case cosmetically.
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Figure 34. Final assembly of inboard, carrier and outboard subassemblies.

A better method for assembly would be to install the carrier to the outboard case with all
required clips and then install the ring gear onto that assembly. This method would
require locating only one set of gears as opposed to three. The inboard case and sun
gear could then be installed. Another useful change would have been utilizing a shorter
alignment pin. A shorter pin allows the planet and ring gears to have greater axial
engagement before it is necessary to line up the pin and hole.
In order to disassemble the gearbox, the oil seals must be removed to access the
retaining clips on either side of the case. This is a destructive method and the seals will
need to be replaced after each disassembly. Care should be taken to not scratch any of
the bores when removing these seals. After removal, the gearbox can be
disassembled in the reverse order of assembly outlined in appendix K.
Another issue with the alignment pins was specific to the style utilized for this design.
We found the specified hole size for coil spring pins to be too small to be easily
assembled, even with the use of a hydraulic press and great care. This can be
remedied by oversizing the coil spring pin holes by .001-.003 inches, or using a
non-deformable type of locating pin.
Another modification that would have eased assembly was accounting for stack up in
positional error and accounting for it in locating feature tolerances. Since the clocking
holes in the case halves were not set to a larger minimum size, the interference
between the pins and the case caused the position of either the carrier or input gear to
be shifted. Effectively, it was overdefined. We verified this by turning the gears in the
case with a slip fit pin and with the press fit spring pins. With the spring pins in place,
torque required to spin the set by hand felt like it doubled.
The final assembled gearbox can be seen in figure 35 below.
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Figure 35. Fully assembled gearbox, inboard side shown.

Cost
Due to our team’s decision to limit scope as this project progressed, our potential
purchases and overall project cost decreased significantly, most notably because we did
not purchase motors. A full BOM can be seen in appendix L. This BOM includes pricing
for each component of the gearbox, as well as details on outsourced manufacturing
time and pricing estimates for that work, which was all sponsored for this project.
Communication was maintained with the Cal Poly Racing Formula team during this
project’s progression, and a final budget of $1500 was agreed upon with the current
team management. A summary with the notable details is shown below in table 17.

Total Project Budget

Total Project Cost

Total Sponsored Value

$1500

$1115.55

$7975*

Table 17. Cost Summary. Note: *Sponsorship value is calculated based on estimates given from AA (see
appendix L) and estimates for similar processes on other senior projects
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Design Verification
One of the most critical components of this design project is the verification that our
design goals were appropriately achieved. In order to start this process we began with a
plan for potential tests that we believe could be useful to run to gather appropriate data.
Normally, our verification plan would heavily include actual driving of the FSAE vehicle.
However, due to the pandemic, Cal Poly Racing will be unable to integrate our system
into an existing vehicle platform. Because of this, not all of our design goals will be able
to be assessed in the context of the vehicle. However, we have developed a testing
outline for the team to use in the future when our gearbox is implemented into the car.
Once a mounting solution is designed and manufactured, as discussed in the project
improvement section below, the overall and torsional stiffness of the drivetrain will need
to be verified. This test can be done by simulating the torque from the motor to the
input of the gearbox and measuring the deflection of the mounts using a jig. Validation
of the FEA performed on the gear case will allow us to ensure that deflection at the
bearings maintains the alignment of the input and output shafts. This can be tested by
applying a bending moment to the input and output shafts and measuring deflection.
Other static bench testing should attempt to characterize the mounting solution’s
contribution to the driveline torsional stiffness.
The team should also determine the total amount of torque required to spin the gearbox
due to frictional and viscoelastic losses. This will allow the team to track the wear of the
gearbox by measuring the value at the end of each testing weekend or session. If the
team has access to a dynamometer, this test can be completed by attaching the
gearbox to the output shaft of the dyno and measuring the torque required to maintain a
constant rotational speed. With access to a sophisticated dynamometer, a full
endurance simulation can be run with proper throttle inputs given and load outputs from
the dynamometer.
Several testing sessions will be needed for in-vehicle testing of the gearbox. With a
fresh gearbox, the team should run a full competition weekend simulation. The gearbox
should then be removed from the car and inspected for wear, including cracks and
pitting. Backlash and bearing play should also be measured.The gearbox should then
be run until failure, with measurements being taken after each testing session when
possible to track wear and play. We recommend a temperature sensor be implemented
into the sight glass feature to verify our oil capacity is correct and ensure the gearbox is
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not failing due to under-oiling and overheating. Total runtime for each event should be
logged and converted to endurance laps to compare to the expected life of 20 laps.
In the event that the gear train is not able to function nominally for an entire 20 lap life,
this may be due to error in the carrier pin position. As cited earlier in the report, the
result of planet pin misalignment is the unequal load sharing distribution among planets
as reported by Hammami et al. [2]. If the results from the research report are replicable
in this design, then we may see extreme loading discrepancies between planets in the
gearbox and premature failure is likely. A test using a more precisely drilled or bored
carrier should be carried out as well to see if the life of the gear train increases to the
expected length. According to the study, the critical feature tolerance pertains more to
tangential accuracy (equal angular spacing) than radial accuracy. The report notes an
error of 62 µm and -60 µm (roughly .002 inches) for two planets while a third is
considered positionally accurate. The resulting load distribution between the erroneous
planets fell from 33% to 5% for one planet, while the other increased from 33% to over
60%. The third remained at 33%. As the loads for this gear train were derived from
equally distributed load paths between planets, a two-fold increase in stresses on an
erroneous planet would severely decrease the expected life of the gearbox. Depending
on the accuracy achievable in-house when a new carrier is created, it may be advisable
to re-design the gear train around a higher load factor. However, this should be the
option taken last, while attempting to fix the manufacturing tolerance issue should be
the first priority. This ensures that, if possible, the gearbox can remain as light as
possible, and to lessen the burden of re-designing the entire assembly as would likely
be necessary for a change in gear size.
The primary mode of evaluation that is available to this project in its current state is
inspection of component dimensions. Based on inspection reports as shown in
appendix M three of the planets were honed within tolerance while three were not. The
once carrier that was made failed positional tolerance for the bores. The ring gears
failed positional tolerance for the locating holes by supposedly up to .010 inches which
appears unreasonable compared to the blanks that were within .001 inches. The
inspection regime relied on an unreliable datum and thus it is unknown if the parts are
within specification or not. The gear profile of the ring gear was unable to be evaluated
with the tools available. The diameter-over-balls of the planet gears is almost within
specification after hardening. This suggests that AA’s choice to undersize the pitch
diameter by .002 inches was appropriate. While only one planet pitch diameter was in
tolerance, the rest were very close. The pitch diameter of the sun gears ended up
similarly. The reason neither of these parts had most of their results in tolerance is
because the tolerance was initially set very tight, likely too tight for what was achievable.
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Several of our gears were measured for hardness using a Starrett 3814 Hardness
tester. All components were hardened at once, and values ranged from 59 - 60 HRC,
within our required tolerance of 58 - 63 HRC.
After final assembly, the total weight of a single gearbox is 6.75 lbs, putting the full
assembly of two gearboxes and two motors at 44.36 lbs. This is 11.58 lbs less than our
weight requirement of 55.94 lbs, but does not include the motor input shaft, tripod
carrier, or mounting solution. The future team should take this into consideration when
designing and manufacturing these components, as discussed in the project
improvement section.
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Project Improvement
There are several improvements the team can make to our design that we did not have
the time or scope to analyze and implement. Our gear train, specifically our planets, can
be lightened by removing material from low stress areas away from the rim and bearing
surface. Finite element analysis should be performed on all gears to begin validating our
max load case and prepare for testing. FEA should also be performed on the carrier and
shafts to begin validation of our hand calculations and workbook.
There is currently no solution for mounting the drivetrain in the vehicle. The future
gearbox team should work with the chassis, suspension, and battery teams to develop a
proper mounting solution for both the gearbox and motor. This may require minor or
significant changes to the case halves to accommodate more mounting points. Finite
element structural and torsional mode analysis should be performed when considering
these solutions. Any mounting components, as well as a splined motor output shaft and
tripod housing, will need to be manufactured before the gearbox can be run in the car.
When the team makes this gearbox and chooses to implement it, there are changes to
manufacturing that will need to be made. As discussed in the manufacturing session,
the lack of drilled holes in the planet gear roots could lead to bearing oil starvation. The
carrier will need to be remade and the positions of the bores will need to be achieved
closer to specification, which was also discussed in previous sections. Parallelism and
thickness control of the ring gear blanks will also be an item for revision. Tolerance
analysis of the stackup of radial position of all components will need to be done as well.
Outside the scope of our project, Cal Poly Racing will need to design several
subsystems to implement the drivetrain into the vehicle. A full cooling system for the
controller and both motors will need to be designed. A high and low voltage system and
traction control system will need to be completed as well.
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Conclusion
Over the course of this design and manufacturing process, we created high level
requirements for a Formula SAE electric vehicle powertrain and performed a detailed
analysis of the centerpiece of the driveline; the planetary gearbox. Though we
performed a large portion of the necessary research, design, and manufacturing work
required to create a baseline level of knowledge for the implementation of this gearbox
into the larger vehicle architecture, much work remains before a full twin-motor tractive
system can be fully implemented. Despite this, the specialized knowledge and design
tools necessary to perform the most difficult mechanical design challenge of this system
can now be referenced for future designs to ease the burden on future teams working
through a one academic quarter design cycle.
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Appendix A - QFD
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Appendix B - Gantt Chart

68

Appendix C - Ideation

69

Appendix D - Packaging Sections, PDR
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Appendix E - Chassis Torsional Strain Energy Distribution
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Appendix F - DVPR
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Appendix G - FMEA
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Appendix G continued - FMEA

75

Appendix H - Half Shaft Moment Hand Calculations
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Appendix I - Gearbox Axial Tolerance Stack Up

Tolerance Stack Up
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Planetary Gearbox Pin
Diameter Inspection
IME 327 Project
11/11/21
Brian Song
Isaiah Penzell
Jack Kost

Appendix J - Pin Inspection Report
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Problem Statement
The planet pins were a part in the assembly of a planetary gearbox. The tight tolerance of
this part was selected to work under the designed applied load.
●
●

The goal of this project is to measure the diameter of the planet pins and compare our
data to our engineering drawings to see if they're within tolerance
Check that our micrometer is capable of measuring to that level of precision using a
gage pin
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Experiment Plan
●

Response variable
○
○

●

Diameter of planet pins
The response variable
is continuous

Relevant factors
○
○

Bodily heat transfer (controllable)
Ambient temperature (not controllable)
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Experimental Design
●

Sample size
○

●

10 planet pins

Metrology
○
○

Measured diameter of all 10 existing pins
Measured diameter of 1 gage pin 16 times
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Experimental Design
●

●

Experimental design matrix
Experiment 1

Planet Pins 1-10

Experiment 2

Gage Pins 16
Measurements

Execution plan
○
○

Measure the diameter of each planet pin and
record values in JMP
Measure a gage pin 16 times with a 5
second interval to eliminate handling/heating
variables, then record values in JMP
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Hypothesis
●

For the experiment:
○ Because we want to see if the measured planet pins are equal to the
engineering drawings to make sure they are in tolerance:
■ Ho: μ = 0.530 ± 0.002
■ H1: μ ≠ 0.530 ± 0.002
● For this test our μ is the average diameter of 10 planet pins
that we measured
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Statistical Analysis of the Data
Micrometer Repeatability Measurements Overlay Plot
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Statistical Analysis of the Data
Micrometer Repeatability
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Statistical Analysis of the Data
What is the bias of the micrometer?
●

The technical range for readings of the gauge pin with the micrometer is .5499 to
.5501 due to its .0001 resolution.

●

Since the mean value of the set is .54996, the bias is not significant.

●

However, the gauge pin value of .5500 does not lie within the 95% confidence
interval readings (.5499295-.5499955). Due to the likelihood that thermal
expansion affected accuracy (specifically bias) and the mean value is within
expected resolution, bias is assumed to be not statistically significant.
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Statistical Analysis of the Data
Is this micrometer capable?
● To determine if micrometer is capable, find precision to tolerance ratio:
P/T=
● P/T=6*.000015478/(.0008)=0.116
● P/T = 11.6% < 30%
● Since precision to tolerance ratio is less than 30%, the micrometer is
capable of determining if pins are within tolerance
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Statistical Analysis of the Data
Are the pins within tolerance?
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Statistical Analysis of the Data
Are the pins within tolerance?
● This distribution is not normal so statistical conclusions are likely not
valid
● However, since each individual pin within the sample was within
tolerance, the goal of the experiment was accomplished and
hypothesis proven true.
● If this was a sample that represented the population accurately, the
tolerance of the process is .0001 inches within 95%
● If this process was used consistently for these parts on a large scale,
the process would be very appropriate
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Conclusion
●

For the experiment:
○ Because each individual pin measured in the sample was within the
tolerances stated on the engineering drawing the null hypothesis is true
○ Remembering that our hypothesis is:
■ Ho: μ = 0.530 ± 0.002
■ H1: μ ≠ 0.530 ± 0.002
○ So we now accept the null hypothesis that:
■ Ho: μ = 0.530 ± 0.002
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Conclusion (CONT’D)
Although the distribution is not necessarily normal, because all of our
measurements are within the tolerance specified on the engineering drawing we
can accept our null hypothesis and state that the average of the planet pins
measured is in fact equal to the measurement on the drawing. This means that our
production process is good to go and the pins can continue to be made. This also
means that we can continue with the production process already in place and no
changes need to be made.
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Appendix K - Assembly Steps

Planetary Gearbox Assembly Steps
Outlined below are the steps, with photos (where applicable) that are required to assemble one
planetary gearbox. Please note that these steps document the sequence in which the gearbox was
assembled during its first assembly, however alternate methods are referenced in the report.
Specifications for oil, and case bolt torque specifications can be found at the end of these steps.
Step 1: Insert needle bearing into planet gear, stack thrust washers on either side

Step 2: Slip parts from step 1 into carrier slot, make sure needle bearing, thrust washers, and carrier
bores are aligned before proceeding

Step 3: Install snap ring onto one side of planet pin, drive pin through carrier bore and needle bearing
until opposite snap ring groove on the pin is visible
Step 4: Install snap ring in un-filled snap ring groove on planet pin
Step 5: Repeat steps 1 through 4 for additional 2 planet gears
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Step 6: Slip bearing onto outboard bearing surface of the input shaft/sun gear
Step 7: Install external snap ring into snap ring groove on input shaft/sun gear

Step 8: Install input shaft/bearing combo into inboard case half from inside of the case to the outside
of the case
Step 9: Install internal snap ring into inboard case half

Step 10: Apply O-ring seals to both case halves - lubricate with gear oil before installation

Step 11: Drive spring pin into ring gear, such that there is equal length sticking out on both sides of
the gear using small mallet
Step 12: Install ring gear onto inboard case half using a mallet to drive the pin into the case
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Step 13: Install carrier subassembly into ring gear, Note: this step is difficult. Aligning the teeth
between all gears at the same time took a very long time. An alternate method of installation for this
step is discussed in the assembly issues section of the report
Step 14: Slip ball bearing onto output shaft of the carrier

Step 15: Install outboard case half onto the ring gear, using a mallet to softly drive the case onto the
alignment pin coming from the ring gear

Step 16: Install final ball bearing through bore in the outboard case half. A mallet was used to drive
this bearing into place, however in future assemblies with proper positional tolerancing, this should
not be necessary
Step 17: Install external c-clip into groove on output shaft of the carrier
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Step 18: Install oil level sight glass into hole at bottom of gearbox

Step 19: Install case bolts and nuts, torque in a star pattern to 10lb-ft of torque (see appendix N) use loctite blue 242 on bolt threads

Step 20: Install rotary shaft seals into each case half. Ensure that shaft sealing rubber and spring is
fully surrounding the shaft and undeformed before fully pressing into case halves.
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Step 21: Fill gearbox with SAE 85W-140 until oil level rests halfway up the sight glass

Step 22: Install gearbox breather (bench test) or breather adapter for AN lines to on-car catch can

ASSEMBLY COMPLETE

NOTE:
In order to disassemble the gearbox, the oil seals must be removed to access the retaining clips on
either side of the case. This is a destructive method and the seals will need to be replaced after each
disassembly. Care should be taken to not scratch any of the bores when removing these seals. After
removal, the gearbox can be disassembled in the reverse order of assembly outlined in this appendix.
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FSAE SYSTEM NAME

ASSEMBLY

COMPONENT/DESCRIPTION

PART NAME

QTY

TYPE

CAD: Gearbox Final Assem Case

Outboard Case Half

Outboard Case V2

2 CNC Machined

CAD: Gearbox Final Assem Case

Inboard Case Half

Inboard Case V2

CAD: Gearbox Final Assem Case

Ring Gear

ring_gear_final

CAD: Gearbox Final Assem Case

Oil Sight Glass

CAD: Gearbox Final Assem Case

Status

Manufacturer/Purchaser

TOTAL PRICE

Complete - Not Measured

Bryan

2 CNC Machined

Complete - Not Measured

Bryan

2 CNC Machined/Outsourced

Complete - Not Measured

Bryan

Oil level sigh glass (https://www.mcmaster.com/6490T19/)

2 Bought

Purchased

Cole

Inboard internal retaining ring

92479A170

2 Bought

Purchased

Jackson

$11.76

CAD: Gearbox Final Assem Case

Case alignment pins

91598A216

4 Bought

Purchased

Jackson

$12.61

CAD: Gearbox Final Assem Case

Inboard/Outboard Rotary Shaft Seal

5154T328

4 Bought

Purchased

Jackson

CAD: Gearbox Final Assem Case

Carrier/Output/Sun Shaft Bearing

61807

6 Bought

Purchased

Cole

CAD: Gearbox Final Assem Case

Case bolts

90044A425

8 Bought

Purchased

Jackson

$10.46

CAD: Gearbox Final Assem Case

Case Nuts

94895A029

8 Bought

Purchased

Jackson

$4.51

CAD: Gearbox Final Assem Case

Case breather adapter (placeholder in CAD)

51205K113

2 Bought

Cal Poly Racing Extras

Isaiah

$0.00

CAD: Gearbox Final Assem Geartrain

Sun Gear

Sun_gear

2 CNC Machined/Outsourced

Complete - Not Measured

Isaiah

CAD: Gearbox Final Assem Geartrain

Planet Gear

planet_gear

6 CNC Machined/Outsourced

Complete - Not Measured

Isaiah

CAD: Gearbox Final Assem Geartrain

Planet Gear SKF roller bearing

K_14X20X12

8 Bought

Purchased

Isaiah

$57.60

CAD: Gearbox Final Assem Geartrain

Sun Gear shaft external retaining ring

92237A280

4 Bought

Purchased

Jackson

$12.76

CAD: Gearbox Final Assem Carrier/Support

Planet Gear Carrier/Output Shaft

Carrier V2

2 CNC Machined

Complete - Not Measured

Isaiah

CAD: Gearbox Final Assem Carrier/Support

Planet Gear Pin

Planet PIN

6 CNC Machined/Outsourced

Complete - Not Measured

Other

CAD: Gearbox Final Assem Carrier/Support

Motor Output Shaft

Motor Output Shaft_female

- Manual Manufactured

Manufacturing

Isaiah

CAD: Gearbox Final Assem Carrier/Support

Planet Gear Snap ring

98541A120

12 Bought

Purchased

Jackson

$11.43

CAD: Gearbox Final Assem Carrier/Support

Carrier external snap ring - option 2

90967A325

2 Bought

Purchased

Jackson

$19.04

MISC

MISC

O-Rings

9452K313

10 Bought

Purchased

Jackson

MISC

MISC

Pin Thrust Washers

Pin Thrust Washers

14 Bought

Purchased

Isaiah

$25.62

MISC

MISC

1/8th 5.5OAL HSS drill

1/8th 5.5OAL HSS drill

2 Bought

Purchased

Isaiah

$25.44

MISC

MISC

Gearcase Breather

Gearcase Breather

2 Bought

Purchased

Cole

$11.83

MISC

MISC

1045 Carrier Round Stock

4 inch OD, 1ft Long

1 Bought

Purchased

Cole

$149.23

MISC

MISC

Gear Cutter Rental

1 Bought

Purchased

Cole

$296.00

MISC

MISC

14mm HSS Drill

1 Bought

Purchased

Bryan

$33.00

MISC

MISC

Mitee Bite

6 Bought

Purchased

Isaiah

$80.95

$43.24
$254.16

$5.91

$50.00

TOTAL

Outsourced Ops: AA

Outsourced Ops: AA

Outsourced Ops: AA

Outsourced Ops: AA

Ring Gear
- Run on Fellows 10-4 Shaper
- early 80s machine, more setup time
- low production cost, allowed AA to continue
production parts

Time:
- Setup: 4 hours
- loading tooling/cutters/fixtures,
adjusting stroke, height, changing
gears, dialing in parameters
- Run Time: 20 minutes per part
once setup

Tesla Prices:
$125/hour for grinding
$250/hour for gear cutting

Ryan

Sun Gear
- Fellows 10-4 for gear and splines

Time:
- Setup: 6 hours
- Run time: 15 minutes per part for Tesla Prices:
gears, 12 minutes per part for
$125/hour for grinding
splines
$250/hour for gear cutting

Ryan

Geartrain

Planet Gears
- Mitsubishi GE20A gear hobber
- Gleason GMM 350 CNC gear measuring
machine
- Sunnen EC-3500 honer

Time:
- Setup: 5 hours for hobbing
- 2 hours for measurement
setup/programming
- 2 hours for honing setup
- Run Time: 2 minutes per part

Tesla Prices:
$125/hour for grinding
$250/hour for gear cutting

Ryan

Geartrain

Consulting time - going over capabilities,
selecting processes/cutting tools, going over
work holding options

4 hours

Tesla Prices:
$125/hour for grinding
$250/hour for gear cutting

Case

Geartrain

$1,115.55

Ryan

Heat Treatment:
Outsourced Ops: Thermofusion
Geartrain
Outsourced Ops: McGuire Grinding
Carrier/Support

Other
Planet Gear Pin precision grinding

Other

Appendix L - Assembly BOM and Outsourcing Estimates
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Program: Ring
Units: in, dec deg

Date: Tue Nov 23 2021

Time: 17:48:43

Appendix M - Dimensional
Inspection Report

Feature

Actual

Nominal

Circle 1
Center X
Center Y
Diameter

[MCS]
8.6551
4.6200
4.3709

8.6551
4.6200
4.3709

0.0000
0.0000
0.0000

Circle 2
Center X
Center Y
Diameter

[MCS]
8.6236
7.1830
0.0936

8.6236
7.1830
0.0936

0.0000
0.0000
0.0000

Circle 3
Center X
Center Y
Diameter

[MCS]
9.1836
2.1143
0.0935

9.1836
2.1143
0.0935

0.0000
0.0000
0.0000

[MCS]
-83.6949

-83.6949

0.0000

[MCS]
8.6551
4.6200
0.7994
6.3051
0.0000
0.0000

8.6551
4.6200
0.7994
6.3051
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Line 4
Direction
System 5
Origin X
Origin Y
Origin Z
Skew
Pitch
Roll

Upper

1

Lower

Dev/Nom

Out/Tol
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Program: Ring
Units: in, dec deg
Feature

Date: Tue Nov 23 2021
Actual

Nominal

Circle 6
Center X
Center Y
Diameter
TP RFS

[System 5]
0.2501
2.5509
0.0936
0.0019

0.2500
2.5500
0.0000

Circle 7
Center X
Center Y
Diameter
TP RFS

[System 5]
0.2501
-2.5485
0.0935
0.0029

0.2500
-2.5500
0.0922

Upper

0.0010

0.0010

2

Lower

Dev/Nom

0.0001
0.0009
0.0936

0.0001
0.0015
0.0014

Time: 17:48:43
Out/Tol

0.0009

0.0019
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Program: Ring
Units: in, dec deg

Date: Tue Nov 23 2021

Feature

Actual

Nominal

Circle 1
Center X
Center Y
Diameter

[MCS]
8.2716
4.2298
4.3727

8.2716
4.2298
4.3727

0.0000
0.0000
0.0000

Circle 2
Center X
Center Y
Diameter

[MCS]
8.2066
6.7899
0.0935

8.2066
6.7899
0.0935

0.0000
0.0000
0.0000

Circle 3
Center X
Center Y
Diameter

[MCS]
8.8321
1.7335
0.0929

8.8321
1.7335
0.0929

0.0000
0.0000
0.0000

[MCS]
-82.9479

-82.9479

0.0000

[MCS]
8.2716
4.2298
0.7994
7.0521
0.0000
0.0000

8.2716
4.2298
0.7994
7.0521
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Line 4
Direction
System 5
Origin X
Origin Y
Origin Z
Skew
Pitch
Roll

Upper

1

Lower

Dev/Nom

Time: 18:01:51

Out/Tol

100

Program: Ring
Units: in, dec deg
Feature

Date: Tue Nov 23 2021
Actual

Nominal

Circle 6
Center X
Center Y
Diameter
TP RFS

[System 5]
0.2498
2.5487
0.0935
0.0026

0.2500
2.5500
0.0000

Circle 7
Center X
Center Y
Diameter
TP RFS

[System 5]
0.2498
-2.5462
0.0929
0.0077

0.2500
-2.5500
0.0922

Upper

0.0010

0.0010

2

Lower

Dev/Nom

-0.0002
-0.0013
0.0935

-0.0002
0.0038
0.0007

Time: 18:01:51
Out/Tol

0.0016

0.0067
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Program: carrier
Units: in, dec deg

Date: Tue Nov 23 2021

Feature

Actual

Nominal

Circle 1
Center X
Center Y
Diameter

[MCS]
6.1944
2.3823
1.4987

6.1944
2.3823
1.4987

0.0000
0.0000
0.0000

Circle 2
Center X
Center Y
Diameter

[MCS]
6.7732
3.6620
0.5518

6.7732
3.6620
0.5518

0.0000
0.0000
0.0000

[MCS]
65.6660

65.6660

0.0000

System 4
Origin X
Origin Y
Origin Z
Skew
Pitch
Roll

[MCS]
6.1944
2.3823
1.3077
-24.3340
0.0000
0.0000

6.1944
2.3823
1.3077
-24.3340
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Circle 5
Center X
Center Y
Diameter
TP MMC

[System 4]
-0.0001
1.4045
0.5517
0.0034

0.0000
1.4063
0.5510

-0.0001
-0.0017
0.0007
0.0034

Line 3
Direction

Upper

0.5520
0.0010

1

Lower

0.5500

Dev/Nom

Time: 17:01:11

Out/Tol

-0.5493
0.0024
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Program: carrier
Units: in, dec deg
Feature

Date: Tue Nov 23 2021
Actual

Nominal

Circle 6
Center X
Center Y
Diameter
TP MMC

[System 4]
1.2241
-0.7013
0.5518
0.0131

1.2178
-0.7031
0.5510

Circle 7
Center X
Center Y
Diameter
TP MMC

[System 4]
-1.2120
-0.7084
0.5515
4.8596

1.2178
-0.7031
0.5510

Upper

0.5520
0.0010

0.5520
0.0010

2

Lower

0.5500

0.5500

Time: 17:01:11

Dev/Nom

Out/Tol

0.0063
0.0018
0.0008
0.0131

-0.5492
0.0121

-2.4298
-0.0053
0.0005
4.8596

-0.5495
4.8586

103

104

Program: Untitled
Units: in, dec deg

Date: Wed Nov 24 2021

Feature

Actual

Nominal

Circle 1
Center X
Center Y
Diameter

[MCS]
7.9802
8.3645
0.7872

7.9802
8.3645
0.7874

Circle 2
Center X
Center Y
Diameter

[MCS]
5.6438
8.3214
0.7878

5.6438
8.3214
0.7874

Circle 3
Center X
Center Y
Diameter

[MCS]
5.5653
5.7343
0.7863

5.5653
5.7343
0.7874

Circle 4
Center X
Center Y
Diameter

[MCS]
8.0563
5.8281
0.7884

8.0563
5.8281
0.7874

Circle 5
Center X
Center Y
Diameter

[MCS]
7.9868
3.5531
0.7871

7.9868
3.5531
0.7874

Circle 6
Center X
Center Y
Diameter

[MCS]
5.5388
3.4258
0.7877

5.5388
3.4258
0.7874

Upper

0.0004

0.0004

0.0004

0.0004

0.0004

0.0004
1

Time: 18:02:45

Lower

Dev/Nom

Out/Tol

-0.0004

0.0000
0.0000
-0.0002

-0.0004

0.0000
0.0000
0.0004

0.0000

-0.0004

0.0000
0.0000
-0.0011

-0.0007

-0.0004

0.0000
0.0000
0.0010

0.0006

-0.0004

0.0000
0.0000
-0.0003

-0.0004

0.0000
0.0000
0.0003
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Program: Ring
Units: in, dec deg

Date: Tue Nov 23 2021

Feature

Actual

Nominal

Circle 1
Center X
Center Y
Diameter

[MCS]
7.3749
5.5983
4.3711

7.3749
5.5983
4.3711

0.0000
0.0000
0.0000

Circle 2
Center X
Center Y
Diameter

[MCS]
7.5103
8.1544
0.0928

7.5103
8.1544
0.0928

0.0000
0.0000
0.0000

Circle 3
Center X
Center Y
Diameter

[MCS]
7.7396
3.0679
0.0936

7.7396
3.0679
0.0936

0.0000
0.0000
0.0000

[MCS]
-87.4184

-87.4184

0.0000

[MCS]
7.3749
5.5983
0.7993
2.5816
0.0000
0.0000

7.3749
5.5983
0.7993
2.5816
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Line 4
Direction
System 5
Origin X
Origin Y
Origin Z
Skew
Pitch
Roll

Upper

1

Lower

Dev/Nom

Time: 17:38:20

Out/Tol
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Program: Ring
Units: in, dec deg
Feature

Date: Tue Nov 23 2021
Actual

Nominal

Circle 6
Center X
Center Y
Diameter
TP RFS

[System 5]
0.2504
2.5473
0.0928
0.0054

0.2500
2.5500
0.0000

Circle 7
Center X
Center Y
Diameter
TP RFS

[System 5]
0.2504
-2.5443
0.0936
0.0114

0.2500
-2.5500
0.0922

Upper

0.0010

0.0010

2

Lower

Dev/Nom

0.0004
-0.0027
0.0928

0.0004
0.0057
0.0015

Time: 17:38:20
Out/Tol

0.0044

0.0104
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Gear Stresses, Load Cases

Appendix N - Gearbox Excel
Workbook

108

Geometry

109

Material Properties

110

Case Bolt Torque

111

Bolted CV Housing

112

Output Shaft

113

Shafts

114

Shafts Continued

115

Appendix O - Part Drawings

1.213

1.024
.426

.213

.276

1.500

1.378±.003
.001 A

A

1.007
1.200
spline od
Must confirm
.001 A

.900

.100
.600

.40

.057

.374
.050

1.282

+.0015
1.3780 - .0000 C F

UNLESS OTHERWISE SPECIFIED:

QUANTITY TRACKING:
TOTAL QUANTITY
NEEDED:

Drawn By:

Isaiah Penzell

Phone #:

Checked By:

NOT YET
CHECKED

Requested
End Date:

(XXX) XXX-XXXX

SOLIDWORKS Educational Product. For Instructional Use Only.

4

QTY. MADE:

DATE:

INITIALS:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL: 1/8
ANGULAR: MACH 1 BEND 2
TWO PLACE DECIMAL:
0.05
THREE PLACE DECIMAL:
0.005
TOLERANCING PER:

1.250
gear OD
Must confirm
.001 A

MMC

TITLE:

REV

Sun Gear Blank
SCALE:

X:X

MATERIAL: XXXXXXXX

AA
1 OF 2

116

Gear Spec
Pitch
Pitch Diameter
Face Width
Pressure Angle

GEAR TYPE
TEETH
PITCH
PRESSURE ANGLE
MAJOR DIA
MINOR DIA
PITCH DIA

SPLINE
22
20/40
30
1.200
1.000
1.100
UNLESS OTHERWISE SPECIFIED:

QUANTITY TRACKING:
TOTAL QUANTITY
NEEDED:

Drawn By:

Isaiah Penzell

Phone #:

Checked By:

NOT YET
CHECKED

Requested
End Date:

(XXX) XXX-XXXX

SOLIDWORKS Educational Product. For Instructional Use Only.

4

QTY. MADE:

DATE:

INITIALS:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL: 1/8
ANGULAR: MACH 1 BEND 2
TWO PLACE DECIMAL:
0.05
THREE PLACE DECIMAL:
0.005
TOLERANCING PER:

MMC

Quantity
16
1.000
.3125
20

TITLE:

REV

Sun Gear Blank
SCALE:

X:X

MATERIAL: 4340

AA
2 OF 2

117

1.3287 .0000001

2X

GEAR TYPE
TOOTH COUNT
PITCH
PITCH DIAMETER
FACE WIDTH

SPLINE
18
16
1.125
.575

PRESSURE ANGLE

20 Deg

.125

UNLESS OTHERWISE SPECIFIED:

QUANTITY TRACKING:
TOTAL QUANTITY
NEEDED:

Drawn By:

Isaiah Penzell

Phone #:

Checked By:

NOT YET
CHECKED

Requested
End Date:

(XXX) XXX-XXXX

SOLIDWORKS Educational Product. For Instructional Use Only.

4

QTY. MADE:

DATE:

INITIALS:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL: 1/8
ANGULAR: MACH 1 BEND 2
TWO PLACE DECIMAL:
0.05
THREE PLACE DECIMAL:
0.005
TOLERANCING PER:

MMC

TITLE:

REV

Sun Gear Blank
SCALE:

X:X

MATERIAL: XXXXXXXX

AA
1 OF 2

118

5x 2.600
4.35
.002
5.06°

B

2x 2.550

5x 72°

5x
210.94°

.196
.005

.02
(5x R2.500)
2x

.063
.001
A

.002
.600

.002 A

UNLESS OTHERWISE SPECIFIED:

QUANTITY TRACKING:
TOTAL QUANTITY
NEEDED:

Drawn By:

Isaiah Penzell

Phone #:

Checked By:

NOT YET
CHECKED

Requested
End Date:

(XXX) XXX-XXXX

SOLIDWORKS Educational Product. For Instructional Use Only.

4

QTY. MADE:

DATE:

INITIALS:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL: 1/8
ANGULAR: MACH 1 BEND 2
TWO PLACE DECIMAL:
0.05
THREE PLACE DECIMAL:
0.005
TOLERANCING PER:

MMC

TITLE:

REV

Ring Gear Blank
SCALE:

X:X

MATERIAL: XXXXXXXX

AA
1 OF 2

119

Gear Spec
Pitch
Pitch Diameter
Face Width
Pressure Angle

Quantity
16
4.500
.575
20

UNLESS OTHERWISE SPECIFIED:

QUANTITY TRACKING:
TOTAL QUANTITY
NEEDED:

Drawn By:

XXXXXXXX

Phone #:

Checked By:

NOT YET
CHECKED

Requested
End Date:

(XXX) XXX-XXXX

SOLIDWORKS Educational Product. For Instructional Use Only.

XX

QTY. MADE:

DATE:

INITIALS:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL: 1/8
ANGULAR: MACH 1 BEND 2
TWO PLACE DECIMAL:
0.05
THREE PLACE DECIMAL:
0.005
TOLERANCING PER:

MMC

TITLE:

REV

Ring Gear Blank
SCALE:

X:X

MATERIAL: XXXXXXXX

AA
1 OF 2

120

Gear Spec
Tooth Count
Pitch
Pitch Diameter
Face Width
Pressure Angle

.125

Quantity
72
16
4.5
.600
20

4.2688

.125

A

.002
.600

.002 A

UNLESS OTHERWISE SPECIFIED:

QUANTITY TRACKING:
TOTAL QUANTITY
NEEDED:

Drawn By:

Isaiah Penzell

Phone #:

Checked By:

NOT YET
CHECKED

Requested
End Date:

(XXX) XXX-XXXX

SOLIDWORKS Educational Product. For Instructional Use Only.

4

QTY. MADE:

DATE:

INITIALS:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL: 1/8
ANGULAR: MACH 1 BEND 2
TWO PLACE DECIMAL:
0.05
THREE PLACE DECIMAL:
0.005
TOLERANCING PER:

MMC

TITLE:

REV

Ring Gear Blank
SCALE:

X:X

MATERIAL: XXXXXXXX

AA
1 OF 1

121

Gear Spec
Pitch
Pitch Diameter
Face Width
Pressure Angle

.0625
THRU TO ID
DRILL SIZE: 1/16

A

1.813
BLANK
OD LISTED BELOW:
PLEASE CONFIRM

Quantity
16
1.6875
.575
20

.575

.001 A

Needs to be ground

B

.7874±.0004

.010 B
.010 A

.001 A
UNLESS OTHERWISE SPECIFIED:

QUANTITY TRACKING:
TOTAL QUANTITY
NEEDED:

Drawn By:

JACKSON MCFAUL

Phone #:

Checked By:

NOT YET
CHECKED

Requested
End Date:

(509) 828-3297

SOLIDWORKS Educational Product. For Instructional Use Only.

6

QTY. MADE:

DATE:

INITIALS:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL: 1/8
ANGULAR: MACH 1 BEND 2
TWO PLACE DECIMAL:
0.05
THREE PLACE DECIMAL:
0.005
TOLERANCING PER:

MMC

TITLE:

REV

Planet Gear Blank
SCALE:

X:X

MATERIAL: XXXXXXXX

AA
1 OF 1

122

Gear Spec
Tooth Count
Pitch
Pitch Diameter
Face Width
Pressure Angle

.0625
THRU TO ID
DRILL SIZE: 1/16

2X

A

Quantity
27
16
1.6875
.575
20

.575 .002

.125

1.8921 0.000001

B
.001 B
.001 A

UNLESS OTHERWISE SPECIFIED:

QUANTITY TRACKING:
TOTAL QUANTITY
NEEDED:

Drawn By:
Checked By:

Phone #:
NOT YET
CHECKED

(509) 828-3297

Requested
End Date:

SOLIDWORKS Educational Product. For Instructional Use Only.

6

QTY. MADE:

DATE:

INITIALS:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL: 1/8
ANGULAR: MACH 1 BEND 2
TWO PLACE DECIMAL:
0.05
THREE PLACE DECIMAL:
0.005
TOLERANCING PER:

MMC

TITLE:

REV

Planet Gear
SCALE:

X:X

MATERIAL: XXXXXXXX

AA
1 OF 1

123

0.5588 ±0.0020

2x

0.0000
0.5276 -0.0040

0.913 ±0.002

2x0.0433 ±0.0010
1.100

UNLESS OTHERWISE SPECIFIED:

QUANTITY TRACKING:
TOTAL QUANTITY
NEEDED:

Drawn By:

Isaiah Penzell

Phone #:

Checked By:

NOT YET
CHECKED

Requested
End Date:

(XXX) XXX-XXXX

SOLIDWORKS Educational Product. For Instructional Use Only.

12

QTY. MADE:

DATE:

INITIALS:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL: 1/8
ANGULAR: MACH 1 BEND 2
TWO PLACE DECIMAL:
0.05
THREE PLACE DECIMAL:
0.005
TOLERANCING PER:

MMC

TITLE:

REV

planet pin
SCALE:

X:X

MATERIAL: XXXXXXXX

AA
1 OF 1

124

THRU

1.050
0.700
0.052

200

4X 1.325

4.879

1.8508
1.8501
.0001

4.739

0.315

1.953

1.950

R0.

4.640

0.0955 ±0.0015
.001 M A B

1.700

0.250

2.0481 ±0.0009

A

2.040

1/8 NPT

0.250

A
4X 2.295
M14X1.5

2X 1.375

0.257
.005 M A B

0.050
0.276

2X 2.382

2X 2.650

2.550

0.0405 ±0.0002

0.385

SECTION A-A

THRU

SCALE 1 : 1.5
UNLESS OTHERWISE SPECIFIED:

QUANTITY TRACKING:
TOTAL QUANTITY
NEEDED:

Drawn By:

ISAIAH PENZELL

Phone #:

Checked By:

NOT YET
CHECKED

Requested
End Date:

(XXX) XXX-XXXX

SOLIDWORKS Educational Product. For Instructional Use Only.

XX

QTY. MADE:

DATE:

INITIALS:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL: 1/8
ANGULAR: MACH 1 BEND 2
TWO PLACE DECIMAL:
0.05
THREE PLACE DECIMAL:
0.005
TOLERANCING PER:

MMC

TITLE:

REV

INBOARD CASE
SCALE:

1:1.5

MATERIAL: 6061 T6

AA
1 OF 1
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0.600

B

A

8X 0.257
(LETTER F TWIST DRILL)
.005 M A B

.001 A

0.343 0.293

0.0955 ±0.0015
.001 M A B
1.8508
1.8501
.0001
A

4X 1.325

1.8508
1.8501
.001 A

2.0481 ±0.0009

1.700

4.640

4.739

4.879

0.259

2X

2.550

0.052

0.250

0.600

0.900

SECTION A-A
SCALE 1 : 1.25
Drawn By:

ISAIAH PENZELL

Phone #:

Checked By:

NOT YET
CHECKED

Requested
End Date:

0.250

A

2X 2.295
UNLESS OTHERWISE SPECIFIED:

QUANTITY TRACKING:
TOTAL QUANTITY
NEEDED:

(XXX) XXX-XXXX

SOLIDWORKS Educational Product. For Instructional Use Only.

XX

QTY. MADE:

DATE:

INITIALS:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL: 1/8
ANGULAR: MACH 1 BEND 2
TWO PLACE DECIMAL:
0.05
THREE PLACE DECIMAL:
0.005
TOLERANCING PER:

MMC

2X 1.375

2X 2.382

0.276

2X 2.650

2.550

50

.2

R0

0.300

TITLE:

REV

OUTBOARD CASE HALF
SCALE:

3:2

MATERIAL: 6061 T6

AA
1 OF 1
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3X
0.900

3X0.667
3X 0.116

A

A

1.282

1.350

0.810

1.3782 ±0.0002
.0001

0.057

2X 0.703

3.813

1.813

1.406

R0
.

10

0

3X90°

+0.001
0.551 0.000
.0005 M A

0.150
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A

2X 1.218

UNLESS OTHERWISE SPECIFIED:

QUANTITY TRACKING:
TOTAL QUANTITY
NEEDED:

Drawn By:

ISAIAH PENZELL

Phone #:

Checked By:

NOT YET
CHECKED

Requested
End Date:

(XXX) XXX-XXXX

SOLIDWORKS Educational Product. For Instructional Use Only.

XX

QTY. MADE:

DATE:

INITIALS:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL: 1/8
ANGULAR: MACH 1 BEND 2
TWO PLACE DECIMAL:
0.05
THREE PLACE DECIMAL:
0.005
TOLERANCING PER:

MMC

TITLE:

REV

CARRIER
SCALE:

3:2

MATERIAL: 1045 STEEL

AA
1 OF 1
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3.250

A

.28
(REF)

1.200
.001 A

B

60°
(REF)

2.498
(64MM) (BC REF)

.20

6X M6 THROUGH HOLE
EQUALLY SPACED ON A
64MM BC

THIS CAN BE A
THROUGH HOLE

1.45

.010 B
GEAR TYPE

SPLINE (INTERNAL)

TEETH
PITCH
PRESSURE ANGLE
MAJOR DIA
MINOR DIA
PITCH DIA

22
20/40
30
1.200
1.000
1.100

.69
NOTE: Confirm Spline Blank OD and ID for all drawings

UNLESS OTHERWISE SPECIFIED:

QUANTITY TRACKING:
TOTAL QUANTITY
NEEDED:

Drawn By:

JACKSON MCFAUL

Phone #:

Checked By:

NOT YET
CHECKED

Requested
End Date:

509-828-3297

SOLIDWORKS Educational Product. For Instructional Use Only.
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QTY. MADE:

DATE:

INITIALS:

DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL: 1/8
ANGULAR: MACH 1 BEND 2
TWO PLACE DECIMAL:
0.05
THREE PLACE DECIMAL:
0.005
TOLERANCING PER:

MMC

TITLE:

REV

Motor Output Blank
SCALE:

X:X

MATERIAL: XXXXXXXX

AA
1 OF 1
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